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I.. INTRODUCTION AND Dr•S•CRT!ON F TEC-NIQUE-

1. i. The Scope of the investigatLon.

This Report records the main results of a five-year research

program. The twin aims of the program were, on the one hand, to

advance understanding in the fundamental physics of the diffraction of

X-rays by perfect and nearly perfect crystals and, on the other hand, to

apply the X-ray topographic technique to a wide variety of problems

involving lattice imperfections in crystals. Efforts were made to

maintain a balanced, parallel development of both the more theoretical

and the more practical aspects of the work. Indeed, in some parts of the

research, such as those performed on silicon, germanium and indium

antimonide, the study of diffraction phenomena and the analysis of

dislocation configurations were pursued simultaneously in the natural

course of evolution of the investigation. Whereas it was demonstrated

that in many problems X-ray topography may be applied in a quite

straightforward manner as a tool for revealing dislocations and other

lattice defects, requiring only a minimal reference to the underlying

diffraction theory, it was also abundantly shown that a thorough

understanding of diffraction theory is necessary if correct interpretations

are to be made in the more refined studies, and if X-ray experiments are

to be designed to give Cie maximum information yield. These practical

considerations alone would justify a substantial theoretical effort, quite

apart from the intrinsic interest of some of the diffraction problems

encountered-

Until about eight years ago, it was accepted that the diffraction of

X-rays by perfect crystals was adequately described by the theories of

Darwin, Ewald and von Laue. (For a readable, introductory account of

these theories see James (1948)). They had been tested only in a limited

way, firstly by observing that some of the most perfect crystals did give

integrated reflections of the low value predicted by theory, and secondly

by studying rocking curves obtained with the double-crystal spectrometer

and finding that some crystals could exhibit nearly total reflection in a

very narrow angular range in the way predicted for the 'perfect' crystal.

S-lei



(These experiments are reviewed in James (1948) aad Compton and

Allison (1960)). With the advent of new techniques of high-resolution

X-ray topography, and of transmission X-ray topography in particular,

new kinds of diffraction experiment were performed which soon revealed

phenomena not predicted by the early theories. These phenomena have

demanded for their understanding a fresh examination of some of the

basic optical assumptions involved in the accepted theories. The

required recasting of the 'plane-wave' theories of Ewald and von Laue in

the form necessary to take account of the 'coherent spherical wave'

illumination of the crystal that applies in most X-ray topographic

experiments, and the analysis of x-..any of the effects stemming from this

difference in illbnination conditions, have been the special contribution

of Professor N. Kato in this field. His papers provide the best available

background treatments to the theory of X-ray topography. One result of

Kato's work has been the demonstration of essential differences between

the diffraction conditicns of X-ray topography and of thin-fiLm transmission

electron microscopy. This and other topics in diffraction theory are

discussed in a useful review (Kato, 1963 a).

Since X-ray topographic studies of dislocations form a central

theme in the research here described, some brief remarks on the relation

between the X-ray method and other methods of rendering individual

dislocations visible may be useful. (Several comprehensive reviews of

methods of observing individual dislocations are now available, for example,

Johnston (1961), Newkirk and Wernick (1962), Amelinckx (1964).)

Dislocations may be made visible optically by 'decoration' techniques

in which minute precipitates are formed along the -.islocation lines. The

precipitates are seen because of their opacity to the radiation used, or by

their light-scattering if they are of sub-microscopic size. The method is

restricted to materials which are normally transparent to light or at least

to radiations in the near infra-red and ultra-violet with which microscope

images can be formed. Precipitation on the dislocations obviously changes

the state of the crystal lattice profoundly, the process is generally

irreversible, and so no sequences of experiments can be made on the same

- S - _ _ _ _ _ _-4
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specimen in order to sLow, for example, the multxplica:ion and movement

of dislocations.

The etch-pit method is of wider application, since it can be used

on both transparent and opaque substances; but for each substance a

specific dislocation-etch must be developed. Uncertainty can often arise

concerning how truly there is a one-to-one correspondence brween

etch-pits and dislocation outcrops. Indeed, diffraction methods for

observing dislocations may have to be called in to resolve this doubt.

The major limitation of the etch-pit method is its restriction to the study

of surfaces. The distribution of dislocations within the volume of the

specimen can be found by a se:ies of polishing and etching experiments,

but this process of course destroys the specimen.

The diffraction methods (electron and X-ray) are much more

general in application. The visibility of dislocations arises because the

strain field of the dislocation in the crystal lattice causes a significant

change in the diffraction behaviour of the crystal regions close to the

dislocation compared with regions remote from it. Under properly chosen

experimental conditions this'diffraction contrast' may be made strong, so

that a clear image of the dislocation line (strictly, of a certain volume

surrounding the line) can be recorded photographically. This contrast

does not depend directly upon the chemical nature of the specimen material.

It does depend in its detailed manifestations upon the scattering and

absorbing powers of the specimen and its thickness, in both the X-ray and

electron cases, but these variations are now fairly well understood.

Hence the same diffraction theory and interpretative technique may be

applied to all crystals. This fortunate circumstance facilitates the speedy

application of the diffraction methods to new problems and materials, and

to the comparison of dislocation behaviour in different materials.

The electron microscope method of observing dislocations enjoys

the great magnifying power of that instrument. The images of dislocations

are typically about 100 Angstroms in width. The X-ray topograpn, on the

other hand, is an unmagnified image of the specimen and mulst be

photomicrographically enlarged, a procedure that is time-consuming and

requiring of considerable care in order to get the best results. Moreover,

- . - _.$: - • .. - " - ' - - . - --
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several factors conspire together tr% ~

of about one micron in X-ray topogranhic wnrlc It f#I,- ,h-. ....

topography cannot compete at all with electron microscopy where

resolution is concerned. Its most fruitful fields of application therefore

lie especially with crystals of low dislocation density, below 106 to

lines per cm .

Now one of the discoveries emerging from transmission X-ray

topography has been the number and variety of crystal species containing

specimens with dislocation densities sufficiently low for X-ray

topographic observations to be made of individually resolved dislocations

w.'th;n them. Low densi'i:,s have becn found not oniy in specimens of

natural diamond, calcite and quartz, the three species which were

reputed as being capable of behaving as perfect crystals, but also in such

laboratory-grown materials as metal single crystals. That pure semi-

conductor crystals should behave as highly perfect crystals, and upon

occasion possess vanishingly low dislocation densities, was a not

unexpected finding since information on their dislocation densities was

avaiiable from reliable dislocation etching techniques. It was indeed at

the stage of development of semi-conductor crystal-growing when

dislocation densities down to about 104 lines per cm2 had been reported

that the author turned to examine these materials with his topographic

techniques. The aim was to see what point-by-point variations in X-ray

reflecting power were produced by local fluctuations in dislocation

density when the mean density was as low as 104 lines per cm 2. The

result was the discovery that images of iridividual dislocations could be

recorded (Lang, 1958).

Good X-ray topographs of crystals are only obtained when the

crystals are carefully handled so that deformation of a major part of the

specimen, elastic or plastic, is avoided. The sensitivity with which

local damage on crystal surfaces is revealed by X-ray diffraction

contrast has formed the basis of X-ray topographic studies of the processes

of abrasion, and on the deformation of the substrate by surface deposits.

Investigations of abraded surfaces and of fracture surfaces have been

~~~~~~~~~~~~~~J ft-' x,• ".7:-• -• - % :- r---•--• •j--- --.0• • .• .- _
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nursued in some detail. The study of strains produced by deliberately

applied surface deposits is just beginning. Meanwhile, the domain Of

materials on which X-ray topographic studies of individual dislocatiorns

may be performed continues to expand. Experience suggests that almost

any pure, stable compound, organic as well as inorganic, can ~ioduce

crystals of low dislocation density when these are grown with reasonable

care. Thus the properties of disloca.ions in complex structures are now

open to investigation.

Study of the growth history of crystals remains a staple application

of X-ray topography. The ability to sample a large crystal volume and

present on a single topographic record the variation of imperfection

content over a distance in the crystal corresponding to a substantial

epoch in its growth history facilitates the correlation of changes in type

and density of imperfection with changes in conditions of growth. In

studies of natural crystals one may hope to gain an insight into the

circumstances under which they grew, circumstances possibly very

different from normal laboratory conditions. Diamond has been the

natural crystal most extensively examined so far. Natural and synthetic

quartz, and the amethyst variety of quartz, have also been investigated to

a considerable degree, and they are giving strong indications that they

contain defects equalling in interest and complexity those already found in

diamond. The development of dislocation configurations during the course

of growth of large single crystals has been studied in silicon, lithium

fluoride and synthetic quartz. For this investigation, specimens are

prepared from slices cut out of a large boule or ingot. Additional

information on the origin of imperfections can be gained by comparing

crystals grown under conditions differing in a known and carefully controlled

way. Except for a series of experiments on aluminum, no research

involving the intimate combination of a crystal-growing program with X-ray

topographic analysis of the quality of crystals produced has yet been

undertaken in the -author's laboratory. This deficiency does not arise from

any lack of feasibility or usefulness of such a course of research, but

simply from a shortage of time and personnel which has tended to

concentrate efforts on 'ready-made' crystals, either those produced by

-- •, •.••"• ••.A
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Two other lines of research whose feasibility has been well

demonstrated in exploratory experiments, buL which remain to be fully

developed in extended research programs, are studies of dislocation

motion and of radiation damage. X-ray topography has two notable

advantages to offer when employed as the major experimental method in

s,ich investigations. Firstly, the experiments can be performed on

specimens sufficiently thick to be fully representative of the bulk material.

The proximity of surfaces strongly affects dislocation configurations in

crystals in which dislocations move easily. It also affects the

concentration of defects such as vacancies which are produced on

irradiation. A number of cases is known in which experimental methods

which look only at surfaces or at thin films fail to give a true picture of

conditions in the bulk material, or are strongly suspected of failing to do

so. With X-ray topography no such doubts exist. This advantageous

characteristic to some extent offsets the low resolution of the X-ray

method. Secondly, X-ray topographic experiments, being quite non-

destructive, are repeatable at will. It is thus possible to follow stages in

the deformation of large specimens. It is also possible to make extended

series of exueriments on one and the same specimen, involving, say,

annealing, neutron irradiation, and step-by-step annealing of radiation

damage. Studies of dislocation movements have been made in aluminum,

germanium, and, to a lesser degree, in lithium fluoride. Studies of

neutron irradiation damage have been performed in some detail on

lithium fluoride; similar studies on diamond have commenced.

During the course of the studies of crystal growth and imperfection

content, and of deformation and irradiation, a wide variety of phenomena

have been observed for the first time. In many cases it would be desirable

to follow up these observations by more extensive research. Consequently,

few of the lines of investigation described in the following pages can be

regarded as fully explored: more often they indicate promise for future

profitable work.
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1.2•. Plan of this Report

As already mentioned, the research here reported divides itself

roughly into two classes, (a) studies of fundamental phenomena of X-ray

diffraction in perfect and nearly perfect crystals, and (b), practical

applications of the X-ray topographic techniques to crystal imperfection

studies. It would seem logical to commence this Report with a

discussion of the fundamentals and then follow with an account of the

applications. However, the reverse course has been followed, for the

reasons here given. A number of projects falling under the

classification "Studies of Materials" have been satisfactorily completed,

and a fair proportion of this completed work has been published. This

work is described first, so that the major results of the research, from

which quantitative and definitive conclusions have been drawn, can be

discovered without first traversing discussions of theoretical matters.

It is helpful in this connection thiat, as pointed out in Section 1. 1,

practical use of X-ray topographic techniques can often be made without

reference to much diffraction theory. At points where the discussions of

crystal imperfections presented in Sections 2. 1 through 2. 11 unavoidably

involve questions of diffraction theory, cross-references are given to

later sections of the Report.

Section 3 deals with a range of diffraction phenomena. These

concern aspects of diffraction behaviour characteristic of perfect crystals,

and most of them involve those parts of X-ray diffraction theory which

have had to be revised or extended as a ccnsequence of X-ray topographic

experiments.

The diffraction prccesses which underlie experimental observations

of X-ray diffraction contrast from imperfections are described in

Section 4. These ir.pzurtant matters have had to be discussed mainly in a

rather qualitative and descriptive way, for it is in this branch of the

nresent research that there remain many unfinished investigations and

unanswered questions. To simplify the picture, only a limited range of the

great variety of diffraction phenomena accompanying the topographic

observation of lattice defects is given zther than brief mention. it is hoped
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that this restriction will enable the general perspective to be grasped

more easily, and wil help to show that although rigorous and

quantitative theory is often still lacking, the general phenomenology of

the imaging of lattice defects is reasonably well understood.

About one third of the research done during the period covered by

this Report has been published in scientific journals. The majori-y of

papers are concerned with topics falling under Section 2. Thus a number-

of sub-sections of Section 2 need do little more than serve as

introductions to the published papers. Since these papers contain the

illustrations without which the work cannot properly be understood,

reprints from the journals are included in this Report. For convenience

they are bound together at the end of the Report, but theyshould be

considered as an integral part of the text. These eighteen reprints are

arranged in sequence in order of date of publication rather than according

to topic, but reference to them from any point in the text should be made

without difficulty since they have each been numbered on their front page.

For brevity, reference to particular points in a published paper included

as a reprint will usually be given by citing the reprint number rather

than the authors' and journal referencei. e. 'R18, Fig. 4a' rather than

Authier, Rogers and Lang, Phil. Mag. 12 (1965) 547, Fig. 4a'.

The experimental techniques upon which the research is based

were developed in the years 1955 to 1958. Developments since then,

though important, have been in the nature of refinements rather than

radical innovations. Published accounts of the techniques have been brief,

and concerned chiefly with the geometrical principles of the diffraction

geometry rather than their practical embodiments and the manipulative

and photographic procedures they involve. It is thus appropriate to give

now a summary of those aspects of the experimental method that have not

been published and to explain some of the factors which control the

quality and resolution of X-ray topographs.
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1.3. Summary of Experimental Methods

i. 3. 1. Apparatus. A general view of the apparatus is shown in

Figure 1. The X -ray source is inside the vertical tower on the left of the

picture. On either side of the source are placed the special X-ray

goniometers used in topographic studies. Figure 1 shows one of two

similar installations: there are four goniometers altogether in operation.

The X-ray beam leaving the source is directed along the axis of a lead

conduit of rectangular cross-section and then is transmitted through the

incident-beam slit assembly located under the lead housing indicated at

A in Figure 1. This slit assem.nbly defines both the height and width of the

beam. The height is continuously variable and is adjusted by movement

of sliding tantalum shutters so as to correspond to the height of the

specimen it is desired to investigate. The maximum beam height is

about 25 num. The beam width is determined by which member of a set of

pre-set slits is put in position. Standard values of beam width are IZ

microns, 100 microns and 175 microns. Factors determining choice of

beam width in a particular experiment are discussed below. The distance

from the X-ray source to the beam-width defining slit is 40 cm.

The specimen, B in Figure 1, is placed approximately over the

rotation axis of the goniometer. This axis is about 4 cm. from the exit

slit in the slit assembly at A. The specimen is usually in the shape of a

plate and is mounted by wax inside an annulus of lead or aluminum. The

annulus is attached to a small bracket fixed to the top of a standard

goniometer head. The arcs of the goniometer head allow rotation of the

specimen about two horizontal axes by + 300. Holes regula:--y spaced

around the annulus enzble the sv'ecimen to be rotated in its own plane by

larger angles. The holes are usually spaced so that this rotation can be

made in steps of 30 , 45 or 600, depending upon the synmmetry of the

crystal and the number of Bragg reflections it is desired to investigate.

The goniometer arcs are attached to circular discs that fit fPush into the

top of the platform of the traversing mechanism.. Surrounding the disc

is a 360 scale which enables the plane of the annulus to be set at any

desired angle with the direction of the motion of the traversing mechanism.

- . - . - - -.-. I T
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X-rays diffracted by the specimen are detected by the

scintillation counter C in Figure 1. The counter housing slides on the

optical ways which top the substantial 'detector-arm' of the goniometer.

The bearings of the detector-arm are coaxial with, and surround, those

of the central spindle carrying the traversing mechanism. A second arm,

called the 'slit-arm', is topped by similar optical ways as those of the

detector-arm and it carries the diffracted-beam slit assembly D. The

slit-arm is car.tied by the detector-arm on a sleeve bearing. Thus, the

angle between them is variable at will. Usually it is kept at 900. The

counter C and the slit assembly D can be interchanged between the

detector-arm and slit-arm if required. This enables high diffraction

angles on either side of the direct beam to be recorded.

From the slit assembly D hang a pair of tantalum plates. In the

standard topographic techniques it is arranged that the diffracted beam of

a given Bragg reflection, and this beam only, passes through the gap

between the plates before it reaches the recording photographic emulsion.

In order to accomplish the setting of this gap positively and speedily, the

assembly D has a number of easiiy.-rnade adjustments. Firstly, the

whole assembly slides on the optical ways of the slit arm and can b,!

clamped in position at any point on the ways. In Figure I it is shown

drawn right back, away from the X-ray beam, so that the specimen and

its mount may be seen. The hanging tantalum plates are provided with

small balancing weights (hidden in Fig. 1) which can be adjusted to ensure

that they hang in a plane normal to the diffracted beam. The gap between

the plates is set by a fine diifere-tial screw. After the slits have been set

approximately in the right position by sliding the whole slit assembly along

the ways of the slit-arm, the fine adjustment of their position to make

their gap just straddle the diffracted beam is effected by a micrometer

screw. The distance between the hanging slits and the specimen is

adjustable over a range of about 2 cm by a spring-loaded screw which

rocks the near-vertical supporting shaft aboat a Divot parallej to the

optical ways. Adjustment over a wider range is obtained by unclamping

the supporting shaft from its pivot.

2 - - - • wnm••-m-ao- m-' 'm.. . .
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The recording medium used in X-ray topography is usually

hy I inw-h is• yrni~tal in a i-a t• Qe Thia e=ctte siannd_ nn the platform of

the traverse unit. It is placed between :he hanging slits, D, and the

counter, C, as near as possible to the former so as to minimise the

distance between the specimen and the plate. No casette was in position

when the photograph reproduced in Figure 1 was taken so that the view of

the specimen and the hanging slits should not be obstrucied.

Similar mechanisms control the angular adjustment of rotation

about the goniometer axis for both the central spindle upon which the

linear traversing mechanism is fitted and for the cylinder which carries

the detector arm. Each rotati.ng member carries large gear wheels of

720 teeth (64 pitch). Radius arms may be latched into the gear teeth at

any position. This latching operztion sets the angle to the nearest haif

degree, the angle being read off from a revolution counter. For fine

adjustment. tangent screws aie used. Attached to the tangent screws are

embossed drums 2- inches in diameter. These may be seen on the left in
0-Fig-are 1. One revolution of the screw corresponds to 0- 1°. The drums

are divided into a scale reading from zero to 360, and thus indicate

seconds of arc directly. A subsidiary counter, geared to the micrometer

spindle, reads in hundredths of a degree. The fine control of angles,

performed by easily accessible and controllable drums giving a direct

reading in seconds of arc, has proved of inestimable value throughout the

use of the goniometers. The performance of the goniometer bearings

enables small drum rotations corresponding to fractions of a second of

arc to be followed smoothly and faithfully.

The topographic technique most frequently used in the researchwhich

is described in this Report is that of the 'projection topograph' (Lang

19594). In this technique, the specimen is mounted on an accurate linear

traversing mechanism and is moved to and fro during the course of the

experiment so that it is scanned by the collimated incident beam. The

effect is as if a large source of X-rays were present a very long distance

from the specimen, ensuring that the whole area of specimen to be
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examined is bathed in a uniform, parallel beam. In thc projection

topograph, Bragg-reflected rays transmitted thrzugh the specimen are

~.2..a -~ ~ ... : - ... :. - vvoiitc W 3ie trioij- State O~tthe

-r- _- - ____ - - -_ - -_ -_ _- -

to study surface reflections from large areas of specimen. The diffraction

geometry of reflection scanning techniques, and a variety of their

applicationsusing the apparatus of Figure 1. were reported some years ago

but have only been published in summary (Lang. 1 95 7 a). Reflection

scanning topographs have been used in the work described in this Report in

instances when surface damage, or the outcrops of defects at surfaces,

were the subject of investigation.

The linear traversing mechanism is designed on kinematic

principles. The platform carrying the specimen has on its under side five

Teflon balls. These ride on a smooth, square-section bar (the near end

of which is clearly visible in Figure 1) and on a precision flat (hidden from

view in Figure I). Also attached to the under side of the platform are two

plane-ended rods which fit (with about O-00!'" clearance) over balls

attached to both the spindle end and thimble end of a micrometer head

whose barrel is attached to the base of the traversing mechanism. The

micrometer is driven by a Synchro through a reduction gear. This

Synchro is paired with another Synchro mounted remotely in the Goniometer

Control Unitf(not shown in Figure 1). The operations of starting. stopping.

reversing, changing speed and changing traverse linits are all performed

at the Control Unit. This arrangrmnent has the great advantages that (i)

the minimum of mechanical and electrical devices is mounted close to the

specimen, thus reducing sources of heat and vibration close to the

specimen, and (2) no impulses are given to the traversing mechanism.

either by reversing-switch contacts, or by handling in gear changing. etc.,

which might disturb the angular setting, or otherwise upset the specimen.

The absence of the requirement to make adjustments on the traversing

mechanism itself carries also the incidental advantage of reducing

opportunities for accidentally putting hands or fingers in the path of the

X-ray beam. Although the motion of the traversing piatform is remoiely

controlled, its position is always accurately known. A revolution counter,

reading in thousandths of an inch, is placed in an easily readable position

- - -* - . -Tll•. ...
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on the traversing mechanism. The maximum range oi _grnnnsa ,c nhiit

23 mm. Since the maximum beam height is about 25 m.m. it foliows that

it is possible to scan an area of 25 mm X 23 mm. almost one inch square,
on a single topograph.

When the traversing platform is stationary. the 'still' picture

obtained is called a 'section topograph'. Indeed. the "projection

topograph' may be regarded as built up from the superimposition of many

such 'stills'. The diffraction geometry of the 'section topograph, and

some of its applications, have been described (Lang 195-b) Section

topographs are often used to examine in detail part2cular internal

features of crystals revealed by projection topographs, it is especially

convenientgor this purposeto be presented with the direct reading of the

platform position which is provided by the revolution counter. By this

means it is possible to set the position of the platform reproducibly to

within a range of 0- 0005 inches. which corresponds to the width of the

narrowest X-ray beam commonly used in taking section topographs.

The X-ray source used is a Hilger and Watts Ltd. (London,

England) Microfocus Unit. rhe model in the arrangement shown in

Figure I is 'YZ5' and it has the axis of its electron beam vertical. The

plane of the target face is horizontal, and in this generator it is facing

upwards since the cathode is above i-. The cathode is near ground

potential, whereas the anode Is at nigh potential and is cooled by oil

rather than by water. It follows that the two X-ray beams led off from

the ports on either side of the vertical X-ray itbe housing are directed

slightly above the horizontal plane, the mean take-off angle from the

target face being 30. Since the maximum height of the beam at the

100specimen is about 25 mm. actual take-off angles range from- 1-1 at the

lowest point of the ribbon beam to 4- at its top. The X-ray intensity is

reasonably constant ov-er this range of take-off angles. but the apparent

height of the source varies so that the geometrical resolution is affected,

as discussed in Section 1. 3. 3 In Figure I the X-ra-.- tube itself is

surrounded by a lead-lined brass box which ensures th~orough screening

against X-ray leakage from the X-ray tube windows and provides supports

- •-'.m ---- it -. - - i -,• - ----
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for the front ends of the lead conduits that carry the X-ray b.anis to the

incident-beam slit assemblies of the goniometers

Th-e. Xay tube f -cus is 1-4 mm iong on the X-ray tebe target

face and is nominally 100 microns wide. It is viewed end-on from the

goniometers. Its actual half-.vidth at half maximum -ntensity appears in

practice to be less than 100 microns when the focus is well adjusted. The

focus quality depends upon the correct positioning of the filament.

focussing hood and target with respect to each other. When the tube is in

operation the focus width can be controlled by varying the bias voltage

between filament and focussing hood. The design of the X-ray tube and

its circuit is essentially that of Ehrenberg and Spear (1951) The tube is

continuously pumped so that targets may be changed at will. The following

target elements have been used in topographic studies: silver, molybdenum,

copper, cobalt and chromium. Experimental targets have been made of tin,

antimony and of germanium.

A reliable method of measuring the intensity of diffracted X-rays

is essential in order to set up topograrhic experiments quickly and to

estimate exposure times correctly. Scintillation counters are used for

this purpose since they offer (1) a large sensitive area.(2) high counting

efficiency for all the X-radiations used and (3) high maximum counting

rates. A simple but effective counter is shown in .Fisgure 1 - The

scintillation crystal is a disc of Nal(Th) 25 mm in diameter by I mar thick

contained in a capsule with a thin beryllium window. The photo.multmplier

is an E. M. 1. Type 9524B, having a 25 mm diameter photocathode. The

performance of this photomultiplier is so good that it can be used without a

preamplifier. It is connected directly by a single low-capacity screened

cable, 4 meters long, to an EKCO Ratemeter Type N624A. This raterneter

contains a stabilised high voltage supply unit, an amplifier of maxi-:mum

gain 1,000, a discrim-nator with range 0-100 volts and a linear ratemeter

with full scale ranges from zero to 3, 10, 30. 100. 3,000. !0.000C. 30,000

and 100,000 counts per second. This division into tw.o ranges per decade

has been found very useful. The counter background (X-ray beam off) is

about I count per second. The counters are reasonably h3near in response

up to rates of about 30 to 40 thousand counts per second, and they saturate
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at about 70,000 roant!S per seond. The rtea -orked .%z " ' "- coirse

of setting up topographic experiments usualty lie htptwier. I 0_ 000A _nd

50,000 counts per second. Exceptionally small crystals. weak reflections,

or highly collimated incident beams may give rates below 1, 000 counts per

second. When specir.ens containing a well-developed mosaic structure

are being studied it is convenient to use a strip-chart recorder in

conjunction with the ratemeter. luffividual sub-grains in the specimen can

be recognised by the particular reflection peaks they give when the spe,:imen

is scanned, and it is possible to set up topographs to study a given sub-

grain in several Bragg reflections without the need for trial exposures to

check that the sub-grain is in the correct orientation for Bragg reflection.

The combination of scintillation counter, ratemeter and strip-chart

recorder has. of course, more quantitative applications in the measurement

of integrated reflections, angular ranges of reflection, and misorientations

between sub-grains.

L. 3. 2. Photographic technique

In order to produce high quality topographs it is as important to use

the most appropriate photographic technique as it is to perform the

experiments on suitably designed mechanical apparatus such as that which

has been described in Section L. 3. 1. In the course of the early X-ray

topographic experiments it was found that none of the available X-ray films,

whether designed for crystallography or radiography, permitted the full

potentialities of the X-ray geometry to be realised. The 'Non-Screen'

crystallographic films were much too coarse-grained. The fine-grain

'Kodak Type M' radiographic film, which is used, for example, in the

radiography of light alloys, gave much higher resolution but was 16 times

slower than the 'Non-Screen' film when used with AgKa radiation. Various

types of dental film, with characteristics intermediate between 'Non-Screen'

and 'M' emulsions, were also tried. Attention was then turned to nuclear

emulsions, which combine fine grain-size with high stopping power for

harder X-rays. Use of Ilford G_ 5 nuclear emulsion commenced at the

end of 1957 and was an immediate success. About a year later, a change

was made to the still finer-grained Ilford L. 4 nuclear emulsion which had

then become :outinely commercially available. Ilford L. 4 nuclear

-W
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emulsions have been used for all serious topographic work since the

beginning of 1959.

The chief qualities that make the G. 5 and L. 4 emulsions suitable

for X-ray topographic use are a grain-size well below resolution limits

of the technique as set by geometrical and other factors, and the

availability of a range of thicknesses sufficient to ensure high absorption

efficiencies even for the most penetrating radiations likely to be 'Ised in

X-ray topographic work. An important characteristic of these particular

nuclear emulsions is that they are sensitive to low-energy electrons.

This is a necessary condition for the efficient recording of X-rays since

the actual grain sensitising agents in the emulsion are photoelectrons

of usually not more than a few kilovolts energy. Ernulsions L. 4 and G. 5

also have a very high concentration of halide so that high stopping power

is achieved with the minimum physicai thickness of emulsion. The

chemical composition of G. 5 and L. 4 emulsions is the same but their

grain size is different. The mean diameter of the grains (undeveloped)

in these emulsions is 0-27 microns for G. 5 and 0- 14 microns for L4.

An average chemical analysis of the emulsion in equilibrium with air at

normal room temperature with a relative humidity of 58% is, in grams

per cc,:

Ag Br I C H 0 N S

1"817 !-3038 0-012 0-Z77 0-053 0-249 0 074 0-007

The density is thus 3- .828 gm per cc, and the halide content is 3- 168 gm

per cc. Hence the weight fraction of halide is 83%. Approximate values

of the 'I value thicknesses'. i.e. thicknesses required to absorb half the

incident intensity are, for AgKa, 100 microns; for MoKa. 50 microns;

and for CuKa, 12 microns. In pDXctice, emulsion 25 microns thick is

used for CuKa and all softer radiations, and 50 microns is used in

preference to 100 microns for MoKa and AgKa because of its shorter

processing time and less risk of emulsion distortion.

One approach to the problem of high resolution in photographic

recording is to combine very small grain size with very thin emulsion

thickness. This approach is adopted in high-resolution spectrographic
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emulsions, for example. In the X-ray topographic case such thin

emulsions would be prohibitively inefficient in absorbing the X-rays,

under usual experimental conditions. They uould also give greater

statistical fluctuations in number of developed grains per unit area and a

smaller usable photographic density range than the thicker emulsions,

two disadvantages which would not be offset by the reduction in scattering

and reduction of intercepted lengths of photoelectron tracks which their

emulsions should show.

The acceptance of thick emulsions as the standard recording

medium restricts the diffraction geometry to techniques in wvhich the

emulsior is always placed normal to the diffracted beam. In such cases

any distortion o,' the shape of a crystal face on the topographic image

caused by obliquity of the diffracted rays leaving the face must be

corrected either by moving the crystal and emulsion at different rates

with r-esp:'ct t•. the X-ray beam, or by rectifying the topograph in the

process of photographic enlargment. Both methods have been used with

success. The need for setting the emulsion normal to the diffracted beam

is o. course more severe the thicker the emulsion: one degree off

normality would cause a lateral diffusion of the image by nearly Z microns

in a 100 micron thick emulsion. In practice, an optical sighting

technique is used to bring the plate casette (inside which the plate carrying
10

the emulsion is precisely located) to within - or less from exact

normality to the diffracted beam. The 3" X I" glass plates on which the

emulsion is coated are cut in half before use so that each provides two

topographs. 1-1 X !" in size.

Another complication incurred 5y use of thick emulsions is the

need for long processing and washing times. However. the thickest emulsion

used i!00 microns) is nct so thick as to require the 'temperature cycle'

technique to attain reasonably uniform development. It is customiary to

use what might be called a 'modified temperature cycle' oroceture. in

this the development is carried out at a constant, low temperature. This

is chosen for convenience to be the freezing point of the developer

solution. The developm-ent time is lengthened by performing the entire

7 lfL_ e__ _4 W



development at this low tempe r arture but tie _t-sultant d,2p:,ee -3f

development is fairly -iniform througho-.t tht. ukole e-r.ýilsicp depth. T'he

basis of this procedure is that diffusioni t.;mts U,,'y tLle with temperature

whereas rate of development increases roughly exponentially with

temperature. Diffusion times are proportional to the square of the

emulsion thickness.

The developer chosen for use is Kodak Dl9b. One part of

standard strength D19b is mixed with three parts of water. The fixer

contains 300 grn sodium hyposulphite plus 30 gm sodium bisulphite per

liter. Between developing and fixing. a stop bath of 1% glacial acetic

acid is used, and before development the emulsion is soaked in plain

water so that it swells to allow rapid diffusion of developer into it. The

processing schedule is given in Table 1. 3. Z A.

Table 1.3. 2.A.

Processing schedule for liford nuclear emulsions. times in minutes.

Thickness, rmicrrns 25 50 100

Soak 5 -10 10-15 20

Develop 1Z-30 18-6 i 30-60

Stop bath 5 le 20

Fix 30 60 120

Wash 60 120 240

The washing is performed ;n cold, rurring. fiitered water. Dr-ing takes

place at room temperature in normal laboratory air. preferably in a

muslin-covered box to exclude dust particles which might settle on the wet

emulsion

The reason fcr the wide range of developing times quoted in Table

1 3.2. Ais as follows. One of the admirable characteristics of the Ilford

nuclear emulsions is the great range of photographic density over which

density is directly proportional to dose of X-rays Experiments with

controlled exposures, using monochromatised characteristic radiations,

have shown a sr.;rc-ly linear reiationship between density and exposure up

to dens-ities of 2 to 2- 5 The exposures were made on L 4 emulsion:

2:5 microns thick exposed to CuKa. 50 microns thick zo MoKa and 100

f-
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microns thick to AgKa. It has also been found that, for a given exposure.

within a very wide range of exposures, the density increases steadily as

the development time increases. Now it has teen established from much

experience that the best conditions both for visual study of topographs

under th microscope and also for the:r photo-mncrography are obtained

when the 'basic density' of the topograph is about unity. 'Basic density'

here refers to the roughly uniform image density produced by areas of

crystal free from imperfections. Under this condition the density !n

images of individual dislocations rises to about two. They are thus

visible with high contrast but are stili within the linear density range of

the emulsion. The actual dose per unit area received by the emulsion in

a topographic experiment may vary considerably: special circumstances

of the experiment may determine that the exposure be much less or much

greater than usual. It is possible, and is indeed customary, to develop

all topographs to roughly constant density in the imperiection-free areas;

and it follows from what has been said above that this treatment can be

extended to exceptional topographs withl much smallcr or greater

exposures than usual. Hence the wide iange of development times quoted.

Now the nuclear emulsions are relatively insensitive to light. Ilford S

(light brown) or FVdark brown) safelights are used. and with them the

illumination level is sufficient for an experienced worker to make good

estimates of the image density by inspection at stages in the development,

and to terminate the develooment when the desired density is reached.

The increase in photographic density produced by lengthening the

developing time arises from grain growth in the emulsion, but even with

the longest developments used the grain diameter remains below one

micron and does not become a factor directly affecting the resolution.

What does change between strongly and weakly exposed topographs is of

course the number of photons absorbed per unit area, and hence the

statistical fluctuations in the number of developed grai',per unit area.

These fluctuations are a very important factor in determining topographic

quality and resolution, and are discussed further in Section i. 3. 3 below.

To reduce these fluctuations, long exposure times and short development

times are favoured.

,--
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The nuclear emulsions are stored under refrigeration, and are

kept in sealed containers to avoid excessive drying of the emulsions.

Since processing is always performed within a few hours of concluding an

exposure, no trouble is encountered due to latent-image fading.

Photomicrography of topographs is an exacting process. The

apparatus used for this purpose is a Vickers Projection Microscope.

This microscope has the path of the specimen-illuminating rays readily

accessible. Such accessibility permits variously shaped apertures and

variable density masks to be inserted in the iluminating beam and be

projected by the sub-stage condenser on to the topograrh. A major

problem is the wide density range encountered in the average size of

field it is required to photograph. These density changes may be due to

warping of specimen sub-grainsor varying specimen thickness, for

example, and are ger.erally beyond the control of the experimenter. In

bad cases it is worthwhile to prepare a slightly out-of-focus enlargment

of the topograph on a soft lantern plate and to insert this plate in the

illurmnation system in such a way that it is projected on the topograph with

the right reduction in size so as just to match the size of the topograph.

It will then partially balance the long-range density variations over the

field of interest.

The areas it is desired to include on a given topograph are often

greater than 1 mm in diameter. Hence flat-field objectives ar, used.

Since the emulsions to be photographed are quite thick, there is no

advantage in using objectives with high numerical apertures since these

have only a small depth of focus. Emulsions shrink on processing to about

40% of their unde-v-eloped thickness. Thus some of the information in the

emulsion would be lost if the depth of focus were much less than 10. 20 and

40 microns in photography c.f 25, 50 and 100 micron emulsions, respectively.

The wide-field objectives are used without oil immersion. dhough the

topograph itself is always protected by a microscope co--'er slip. w-ith

immersion oil between the glass and the surface of the emulsion. Ii. this

way not only is the topograph safely preserved,but hght-scatte-:ing from

small craters and adhering gelatine threads on the emulsion suriace is

avoided.



The flat-field objectives used are the Zeiss Plan X6- 3,

N.A. = 0-16; Zeiss Plan Xl0, N.A. = 0-72; and Cooke Microplan Xl0,

N.A. = 0- 25. On a few occasions the Cooke A8464 X20, N.A. = 0. 50,

has been employed. In Table 1. 3. ZB are listed the theoretical

resolution (given by A/ZN.A.) and the depth of focus given by the

Rayleigh criterion ( I/4i sina) for the range of numerical apertures

used. The wavelength inserted in these formulae is that of the strong

mercury green line, 5,461A, which is used in visual work. In

photography, the combination of film response with the filters used is

such as to make dominant the wavelengths around 5, OOOA, so the

theoretical resolution is then about 10% better. The refractive index

of the emulsion is taken as 1- 4, and the angie a in the formula for the

depth of focus is the semi-angle of the cone of rays in the emulsion.

Table 1.3. 2.B

Resolution and depth of field in nuclear emulsions

N. A. Resolution, microns Field depth, microns

0.16 1-7 31

0- 22 1- 2 16

0-50 0-55 3

The figures in Table !. 3. 2.B agree well with experience: the X6- 3 Zeiss

objective is best for 100 micron emulsions, the X10 Zeiss or Cooke

objectives work well with both 50 micron and 25 micron emulsions. The

X20 Cooke objective is used only with 25 micron emulsion and its smal

depth of focus entails poorer grain density statistics. This loss can be to

some extent made good by scanning the objective up and down through the

12 micron thickness of the processed 25 micron emuJIsion. The Zeiss

X6- 3 objective gives good quali-ty in fields as large as 3- 4 mm in diameter;

the corresponding diameter for the X10 flat-field objectives is about

l2 -rm.

Factors such as the length of photoelectron tracks in the emulsion,

discussed in Section L. 3. 3. below, show that the mitxiiAnu7r, attainable

topographic resolution depends strongly upon the X-ray wavelength.
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It gets rapidly poorerfor radiations more energetic than MoKa. Thus the

three numerical apertures listed in Table 1. 3. 2B correspond nicely to the

maximum values needed for enlarging topographs t-kex,, rsp'ct•ive,*ly. +1h

AgKa, MoKa, and CuKa (and softer) radiations. (Experience has shown

that the maximum useful total magnifications obtainable are 150 to 200

with AgKa, 200 to 300 with MoKa, and 400 to 600 with CuKa. The basis

of these estimates is discussed fully in Section 1. 3. 3. below.) The

photomicrography is done on to sheet film 12cm X 16- 5cm in size which

is then printed at magnifications of, say, XZ or X3 to make positive

reproductions of the original topcgraphs. A sheet film found generally

suitable for micrographic use is Kadak Commercial Fine Grain CF8.

This has a long linear r-.nge on its density versus log exposure

characteristic curve. It also has a gamma that can be varied over a

wide range by changing the development conditions.

In another photographic technic ae pairs of topographs which are

stereopairs (for example the hC.t and ii! reflections from the same

crystal) are enlarged as transparencies and examined in a stereoviewer.

These transparenc:.es can also be projected for lecture demonstration

purposes, using the Polaroid three-dimensional projection system. For

studying stereopairs in the course of research it is usual to examine the

original topographs directly under a p-ir of twin microscopes. For this

purpose a pair of similar objectives is used. they .may be 3X, lOX or

ZOX, depending upon the nature of th'. subject.

i. 3. 3. Quality and resolution of X-ray tcpographs.

A more detailed discussion will now be presented concerning various

factors which determine the quality and the resolution of X-ray topographs.

Firstly some features of the diffraction geometry will be considered.

In the vertical plane, i. e. the plane containing the goniometer axis,

the geometric resolution can be calculated according io the simple rule

familiar in radiography. Let the distance from source to e.eciren be a,

and from specimen to emulsion be b. Thcn if the apparent height of the

source is h. a point in the specimen wil! pro,.uce a- image whose range of

diffusion in the ve.'Lical direction is h(bla). The distance a is fixed at

ii
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45 cm. At the mean take-off angle of 30 the apparent height of the X-ray

tube focus is 70 microns, at the top of the maximum vertical range of

illumination of the specimen it is iO5 microns, and at the bottom 35

microns. 'These figures for a and h folh.v from the dgxieizsz tiv--

in Section 1. 3. 1.) An average distance from specimen to emulsion is

I cm. Hence the geometric vertical resolution is I- 5 microns at the

mean take-off angle, 2- 3 microns at the upper limit of the incident beam

and 0- 8 microns at its lower limit. When using CuKa and softer radiations,

it is better therefore to avoid using the upper part of the beam; and it is

desirable to try and make b less than I cm. This effort is barely

worthwhile with MoKa and harder radiations, however, as the discussion

following later in this Section will show. Note that there is a slight

vertical distortion of the topograph image; the distortion factor is (a+b)/a,

and is about 2%. This factor need be included only in the more accurate

measurements of orientations of dislocations, fault surfaces, etc., on

topographs.

The resolution in the horizontal plane, i. e. in the plane of the

incident and diffracted rays, involves the angular range of reflection of

the crystal and the wavelength spread of the X-ray line used. Firstly, it

must be emphasized that topographs of perfect and nearly perfect crystals

are recorded with the Ka, radiation only. Accordingly, the incident beam

is sufficiently well collimated to separate completely the Bragg reflections

of the a, and a? components. This collimation is achieved by correct

choice of the pre-set beam-width defining slit referred to in Section 1. 3. 1.,

and by careful adjustment of the X-ray tube focus.

The contribution of wavelength spread to image diffusion is

calculated as follows. Let d ) be the wavelength range corresponding to

the width at half maximum intensity of the X-ray emission line profile,

then the range of Bragg angles corresponding to dA is d? = tan -e(dAiA).

The image of a point in the crystal will be diffused to a width

dx.A =bdf on the emulsion due to the angular range d2 . Table 1. 3.3.A

lists the Bragg angles 2, the angular spreads dE in seconds of arc, and

the values of dx in microns when b= I cm, calculated for two radiations

iI
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and for two interplanar spacings d. Topographs are not often taken of

reflections with d greater than 3-A or less than IA.

Table 1. 3. 3 A

Image diffusion due to natural wavelength spread

AgKa! CuKal

A= 0.559A. 2= 1- 540A.

dA = 0-28XU. dA = 0.6XU.

dX/A= 5 X l0-4 d)/A = 4 X 10-4

d, A. .0 d,-" dxl , txm d " t Lx,,pM.

3-5 4-6 8 2 0-4 12-7 18 0-9

1 16-2 29 1-4 50- 4 99 4-8

Calculations such as those exemplified in Table 1. 3. 1A show that

if Bragg angles larger than about 300 are used (which is not often the case

in transmission techniques) then the speci.nen-to-film distance should be

reduced below I cm in order to avoid a large contribution to image

diffusion from the wavelength spread.

The contribution to image diffusion in the horizontal plane due to the

angular range of reflection of the specimen, assuming it behaves as a

perfect crystal. can be gauged from the following figures for strong

reflections. For weaker reflections the angular range is less, being

,hrectly proportional to the integrated reflection. Table 1. 3. 3.3 gives

the angular widths of reflection at half maximum intensity of some strong

reflections in the symmetrical transmission case.

Table 1. 3.3 3:

Angular widths of reflections at half height, in seconds.

AgKa! CuKai

Silicon. 220 1- 7

Germarnum, 220 3 8 15

From comparison of Tables 1. 3. 3. A and 1. 3. 3. B it will be seen

that the perfect-crystal angular reflecting range makes much smaller

contributions to horizontal diffusion of the image than does thae natural
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wavelength spread, and can generally be neglected.

Horizontal diffusirn of the image will cause more serin-u- !nq€ nf

resolution if the horizontal scale of the imag-e is compressed by the

oblique emergence of diffracted rays from the specimen. Suppose the

specimen is in the form of a plate whose horizontal dimension is P, and

suppose the Bragg plane used is inclined at an angle a with the normal to

the plate. Then. when the deviation ze of the diffracted beam and the

inclination a are in the same sense about the goniometer axis, the

horizontal dimension of the topographic image, P', is P cos(O +a). Thus

the horizontal magnification factor. cos (' -a), is always less than unity.

(This applies so long as the standard experimental arrangement is used,

in which the diffracted beam is perpendicular to the photographic

emulsion and both specimen and emulsion have the same traverse motion.)

It is preferable to take topographs with 0 and a in opposite senses in order

to minimise the horizontal topographic distortion.

When the specimen is in the form of r plate, of thickness t, and is

mounted parallel to a plane containing the goniometer axis, then the

width. w. of a section topograph image is given by w=t sec(e -a)sin Z,

(Lang 1957b). It is customary to mount the specimen plate parallel to the

traverse direction in taking projection topographs. When this condition

is fulfilled the diffracted beam remains stationary in space during the

traverse, and the hanging slits between specimen and emulsion can be set

at their minimum gap width. This width is w plus an allowance for the

incident beam width. It is highly desirable to keep the gap width as low as

possible in order to prevent unwanted Bragg and Laue reflections from

reaching the emulsion and also to reduce the background of fluorescence

and Compton scattered radiation on the topograph. Of course, in the

various techniques of "lirited projection topograpis' (R6, Lang 1963a) the

gap in the hanging slits is reduced below the above --quoted value of w for

the specific purpose of selecting diffracted rays coming from particular

lzyers in the specimen. to the exclusion of others.

Some consideration will fnow be given to factors affecting I te

quaiity and resolution of topographs which depend upon the numbe:r and

- -•
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spatial distribution of developed grains in the nuclear emulsion. These

factors are determined by the physical processes accompanying the

absorption of radiation in the emulsion, rather than by the diffraction

geometry as was the case with the factors considered above. Consequently

they are less under the control of the experimenter.

It has been explained in Section 1. 3. 2. that the need for high

absorption efficiency demands the use of thick emulsions rather than the

single-grain-layer emulsions often used in high-resolution optical work.

In thick emulsions it is necessary to consider the spatial distribution

surrounding the primary absorption event of all other following absorption

events involving the photoelectrons and fluorescent X-rays into which the

incident photon's energy is distributed. Now in the case of CuKa

radiation, the energy of which is 8keV, no photoelectrons arc produced

whose track in the emulsion extends out to a distance greater than about

half a micron from its point of origin. Hence absorption of a CuKa

photon will either produce a single grain or a clump of perhaps 2 or 3

adjacent grains contained within a volume whose diameter is about half a

micron. Such a clump will appear as a single particle at the highest

optical magnifications customarily used in enlarging topographs. Hence,

in the case of CuKa radiation, and, a fortioriin the case of softer

radiations, there is no significant impairment of resolution by spread of

ionisatlon in the emulsion. The contrary is the case with the radiations

harder than CuKa that are commonly employed, MoKa and AgKa. The

absorption processes of MoKa and AgKa will now be considered. Both

radiations are harder than the K absorption edge of bromine but softer

than the K absorption edge of silver. Consequently the ratios of absorption

cross-sections in the various electron shells of silver and bromine are the

same for both radiations. It is convenient to examine first the behaviour

of the primary photoelectron produced in the first step of the absorption

process and subsequently the way in which the excited atom in the emulsion

loses its energy. For every 100 photons incident upon the emulsion, the

relative numbers absorbed by the various shells can be calculated from the

known values of absorption coefficients and the 'jump ratio' at the K

absorption edge (Compton and Allison, 1960). These numbcrs appear in
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the second column of Table 1. 3. 3. C. Figures quoted for the radial

range and the number of grains along the track are of necessity very

rough. By radial range is meant the length of the straight line joining

the origin of the photoelectron to the last grain on its track. This is also

known as the chord of the track. The value zero means that the photo-

electron produces one grain only, at its origin. Along short tracks such

as those here considered the electron produces about 1- grains per

micron path, on the average. The range as usually defined is the line

integral of the particle trajectory. The radial range (or chord) is of

course less. and the difference between the two values becomes greater

the lower the electron energy, as the number of high-angle deflections of

the electron increased. The figures given in Table 1. 3. 3. C are based

upon experience gained in the present investigation and also upon data

obtained in other work with nuclear emulsions, (see, for exarmple, Powell,

Fowler and Perkins (1959)). The photoelectron energies are given

precisely by the difference between incident photon energy (Ex) and the

appropriate absorption edge energy of the absorbing atom (EK, L)-

Table l. 3.3. C

Absorption processes in nuclear emulsions: characteristics of primary
photoelectrons.

Absorption Relative AgKa MoKa
no. of Ex=22- 1 keV Ex=17- 5 keV
photons
involved photo- radial no. of photo- radial no. of

elect. range, grains elect. range, grains
energy, jim on energy, jim on

keV track keV track

Ag

L Shell
EL=3- 3keV 30 18-8 2-2? -1'3 14-2 11

Br
K Shell
EK=13- 5keV 60-5 8.6 0-1 I-2 4-0 0 1

Br
L Shell
EL=I-5keV 9-5 20-6 2-3 3-4 16.0 1½-2 2-3

4. ~-~
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The spectrum of fluorescent X-rays is the same whether the

incident X-rays are MoKQ or AgKa. Only a small fraction of the

Y . - -- J [ý# 7I

complement, the internal conversion coefficient (I. C. C. )), are given by

Burhop (195Z). The relative number of the various fluorescent X-ray

photons produced per 100 incident photons, together with their ranges,

are listed in Table 1. 3. 3. D.

Table 1.3.3. D

Absorption processes in nuclear emulsions: number and range of

fluorescent X-rays.

Absorbing No. absorbed No. of Range of
shell in shell fluorescent fluorescent

X-ray photons X-rays, pi..

Ag, L

WLs= 0 1 30 3 4-1

Br. K

WK=O0 56  60-5 34 54

Br. L

WL= 0- 0 5 9-5 0-5 Z-5

Now in order for resolution not to be impaired by ionization

produced in the absorption of fluorescent radiation, the range of the

flu,.rescent X-rays should either be quite small (not. greater than about

1 micron). or sufficiently larger so that the ionization produced is

distributed with low average density throughout a volume large compared

with the dimensions of image detail it is required to resolve. Only an

increase in background occurs in the latter case. Table 1. 3. 3D shows

that the great majority of the fluorescent photons are of comparatively

long range, and indeed stand a good chance of escaping from the emulsion

before absorption when emulsions of 25 or 50 micron thicknesses are used.

The X-rays whose ranges (defined as the reciprocal of !he linear

absorption coefficient) are 2- 5 and 4- 1 microns would be quite troublesome
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if they were not fortunatel .4re

A combination of the data presented in Tables 1.3. 3.Cand 1. 3. 3. D

provides a picture of the spatial distribution of developed grains. In

about 60u% of the events in which an incident pho.ov is absorbed the

ionization is limited to a volume of diameter about one micron, producing

a grain clump effectively at- the point of absorption. in the remaining

40% of events most of the energy is carried away by the primary photo-

electron. but the probability is high that the remainir. .--lergy w:l1 be

in:ernally converted into Auger dlectrons so that at least one dereioped

grain will be produced at the point of absorption. When the primary

photoelectron has one of the higher energies listed in Table 1. 3. 3. C the

total grain distribution will then have the appearance of a 'chain-shot',

but with at_ most about 3 'links' in the 'chain'. From this picture of the

ionization d-stribL )n it follows that the resoluticn limit imposed by

spread of ionizatlon in the emulsion may be reasonably assessed to be

about Z - 3 microns with AgKa radiation, and I1 - 2 microns with MoKa.

Inspection of the topographs shows that very often the dominant

factor limiting resolution of fine detail is the presence of a high 'apparent

granularity' in the image. This is termed 'apparent' because in fact it

has little connection with the actual grain size which is but a fraction of

a micron. Rather is it due to statistical fluctuations in the number of

developed grains contained within one area element of the emulsion as

compared with another. Intensity measurements show that the diffracted

beam. even from an intensely reflecting crystal, will deliver but a small

number of photons on to each square micron of the emulsion during normal

durations of exposure. Moreover, a fundamental obstacle to increasing

this dose sufficiently to reduce its relative variance to a low fraction is

not so much the long exposures that would be required but that the highest

photographic density at which density is still roughly proportional :o dose

is itself produced by absorption of only a small number of phootons per

square micron.

The t•ffect of statistical fluctuations may be assessed by dividing

the image into equal, small area elements and then determining how small
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the elements may be made before a given dtfierence in density between

adjacent elements due to a true difference in miean.. intejsiiy inLfident upon

them is masked by the fluctuations in the number ef photons abso-,,bed iii

each of them during the exposure. A development of this analysis

appropriate for X-ray topographs takes into account the fact that the area

elements or cells into which the image is divided are not obst rved just

as independent. adjacent pairs during the course of recognition of a

pattern. This is particularly true when the aim of the image scrutiny is

to detect an exceptional feature in a field where the mean dose has varied

only slowly from point to point. The two commonly occurring problems

of this type are. firstly. to detect with confidence a smnal! spot where the

diffracted intensity received is greater than that in the surrounding area:

such a suot could represent the image of an inclus:on or precipitate in a

matrix of perfect crystal. The second common problem deals with

lines: the recognition of a single line on a uniform background. or the

resolution of an array of jines. or of a stripe pattern. for example.

Consider i;rst the problem of detecting a small spot. This

analysis could be extended to determine the precision with which a given

dif-ference in density between spot and surrounding area can be estimated.

Suppose the spot is a disc of diameter D. In the case of a small

disc the best magnification to use for its detection is one not so large that

the eye canno: easily integrate the intensity over the disc, while still

being oi course large enough for the eve to re,,olve coinfo--tably an object

the s:ze of the disc. in the case of a large disc, the magnification can be

reduced until the area over wlhuch the eye integrates corresponds to an

area oa the topograph image large enough to appear grainless to the eye.

The eye compares the average density of the disc with a surrounding area

which. in the case of a small disc, may be much larger i-n area than the

disc itself, and, in the case of a large disc. can certainly be taken large

enough to appear grainless. Conservatively. the area of the surrounding

reference density can be taken to be four times the area of the disc. This

would correspond to a surrounding annalus whose width between inner and

outer radii was just greaLer than the radius of the disc. The photographic

- - -. . .- , - .-.----- - - . -. - -- - -
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density may be assumed to be proportional to the number of photons

absorbed per unit area. Let these numbers be n and n(l + h) in annulus

and disc, respectively. Assume that the mean value of n is sufficiently

large for the Poisson distribution of observed values of n to be reasonably

approximated by a Gaussian distribution.

in the Gaussian distribution the probability of finding a value more

than 1- 65 times the standard deviation,r, on one side of the mean is only

I in 10. Set the condition for confident detection of an excess density in

the disc compared with the annulus to be that n(I 4 h) -n is greater than

I.65 ( 6 '.. 5 where gr and 0- are the standard deviations of

density in disc and annulus. Now, with the magnification chosen so that

all photons absorbed in disc and annulus are included in the density

integraaion, it follows that oI = n(1 h+ /-(I/D' and a n=.D Sub-

stitution for 0l and 0- in the detection condition gives n 2 = 1. 65X
1 1_

(I L Z(1 4 h) 2 )/-'hD. Table 1. 3.3,E lists values of n, the number of

photons absorbed per square micron, for various values of D and h, cal-

culated according to this expression. The lowest value of h, representing

only a 3% increase in density, is nearing the Icwer Limit of density

differences usualIv detected in radiography. A doubling of intensity,

represented by h = 1, is easill achieved in the excess scattering from a

localized strain field in a matrix of perfect crystal.

Now, under standard processing conditions, unit density is reached

with MoKa radiation when n is about 3. A density of 2, or in extreme

cases approaching 3, may be allowed for the density of images of perfect

regions, but then the density in imperfect regions is beyond the linear

density range. Thus the maximum_ value of n that can properly be recorded

with MoKe is about S. in the case of CuKL radiation, unit density corresponds

to a value of n of about 10. hence n = 25 is a practical upper limit. In Table

I. 3. 3.E the combinations of disc size and density that can be confid--ntly

detected only with CuKca and softer radiations are indicated by enclosing

the relevant n value with single parenthesis. A double parenthesis signifies

confident detection also oy MoKa.

C ;ai
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Table 1.3.3.E

,r,,,,,uier. n, O, -' oions absorbed per square mic ron in

surrounding field to ensure the confident dctection of a disc,

diameter D microns, in which the number of photons absorbed

per square micron is 100h% higher than n.

h= 0-03 0.1 0-3 1-0

D. forn

1 -104 '103 100 (14)

2 2 x 103 196 (25) ((4))

3 --- o 92 (12) (0.-10))
0. 88 ((8)) ((0)) ((0.1))

30 (10) ((0.9)) ((0.1)) ((0.01)))

These figures are in good accord with experience. Clearly.

the situation with D = 2pm and h = 0. 3 is a border-line case -mith CuKU,

and that with D = 10pm and h = 0- 1 is a border-line case with MoKa.

In the above calculation it has been assumed that the variance in

density arises oniy from the variance in n. There will be contributions

to the variance in density from the variance in g. the mean number of

grains produced for each absorbed photon. and from the variance in

optical absorbing and scattering powers of each grain. For MoKa and

AgKa. when g is greater than one, an appropriate fornnula for the

cocfficient of variation of density D is
2

D - (n (
Dg 1

The situation is statistically similar to the case of the variation of

heigh--t of a pulse after one stage of electron multiplication in a phozo-

muiftinier when the mean secondary emission coefficient is equal to V
2

';or a Poisson distribut-ion c is equal to g. The rather conserv-ativc
g

detect2on condition used in Table 1. 3. 3.Eshould offset effe:ts due to

S. ... .. • . - - ::_.'-, . .---- =, • - _ - - • - •c-• ---- ,-. . - - --
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variation in g. In order to record higher values ol n. short development

times are used, but i! is clearly desirable to axoid stopping dex-vlopment

before all sensitized grains are developed. in the tase of the harder

radiations such incomplete development would efi't cnuvely inc rease the

variation in g, and in the case of the softer radiations it m,.ght involve

the loss of effective registration of some incident photons.

Application of this type of analysis to the detection of lines or of

stripe patterns follows a similar course to tnat just outlined. Perhaps

the simplest case to consider is the resolution oi two close. parallel lines.

This problem occurs in practice since under certain diffraction conditions

the topograph image of a single dislocation appears as a double line.

Knowledge of whether or not the line is double in a particular topograph

helps to determine its Burgers vector. Often the central dip in the

intensity profile of the line is on the limits of resolution. Detection of the

dip is helped by scanning parallel to the line and integrating the density

over as long a length of the line as its straightness permits. This length

:s not likely to be lezs th'an 10 microns, and may be much longer in

favourable cases. It follows that a dip I micron wide with 30% less than

peak intensity should be detectable with CuKa, and a similar dip in

intensity two mrcrons wide with MoKe.

On the topograph reproduced in Figure 2 there can be recognised

the inimences of some of the factors discussed in the above paragraphs.

The specimen was a cleaved slice of lithium fluoride, etched to remove

surface damage, and its final thickness waC about 0. 4 m.m. MoKa, was

the radiation used. The reflection was ZOO. The Bragg planes are normal

to the specimen plate. and their trace lies perallel to the long edge of the

field. The Figure is a positive print. Thui the dislocation lines, which

produce an excess of diffracted intensity over that diffracted by the

perfect crystai matrix surrounding them, stand out as dark lines on a

fairly uniform background. On the original topograph the eptical density

of the perfect crystal' background is about unity. and e: i-ah- cent-res of

the dislocation images it is between 2 and 3. The feature of interest in

the field shown is the array of dislocations streiching from the top left
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to bottom right of the picture. These are part of a low-angle boundary

that has be,:n intersected by the surfaces of the specimen plate Along

the top margin of the array the dislocations are outcropping at the

specimen surface facing the nuclear emulsion, the outcrop along the

bottom margin of the array is at the specimen surface facing the X-ray

source. This distinction can be made from a study of the details of the

dislocation images. The structure of dislocation images will be discussed

later in this Report. It is sufficient to point out here that the relatively

large breadth and asymmetric tail of the images of the *random'

dislocations remote from the low-angle boundary arises from the basic

diffraction processes producing diffraction contrast and not from laxity of

control of instrumental factors in the X-ray optics. When dislocations Le

closely side-by-side, as in the low-angle boundary, the mutual cancellation

of their long-range strain fields causes their images to sharpen consider-

ably. Indeed they shrink to the point where geometrical resolution,

photoelectron track lengths, and statistical fluctuations all play a part in

determining how closely-spaced an array can become yet still be clearly

resolved on the topographs. On the Figure the apparent granularity of

the 'uniform' background can be noticed, and it would become obtrusive

if the magnification were substantially increased. Thus a magnification

of X 200. as employed in this Figure, is approaching the triaximum useful

value. The 'scale' of the granularity is roughly one mnicron, vwhich

corresponds to the optical resolution limit with which the topograph was

photom•icrogra-phed, a numerical aperture of 0. 22 having been used,

(see Table 1- 3. 2Ej In the array, dislocations spaced apart by S- microns

are easily seen as individual lines. In places where the ratio of peak

density to background density is at least 2:! a dip in density between two

dislocations spaced apart -y only 3 mic-ons can be adeqcuately recognised.

and thus the dislocations be satisfactorily 4-ndividually reso:ved. This

performance is in accora with the predictions of Table 1. 3. 3.-Sand the

discussion following it. The topograph reproduced in Figure 2 was

selected as a fair example of a case when, in the region. -f i•tnerest where

the dislocations are clc-sely spaced- the optical density .s not far from the

ont-Lmum -,alue, and the contributions tn the limitation of resclutuon fron.

- .t~- .-



all sources, viz., geometrical, 'pure' diffraction effects. pho.o-lectron

ranges, and statistical fluctuations, are all nicely balanced. It is not
- to% _ Categoric ,.._ r tiz 'Li-es , iii. Iiz1Ini, oni

tonaaranhLQ- since the pefrm- in~ r-1i..*. iss --
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the type of pattern present in the image, and the particular features of

it w'hich it is desired to resolve. By now it will be realised. however.

that several factors work together to raise a strong barrier to obtaining

resolution limits lower than 1 micron. This micron limit can be achieved

with careful technique using GuKa and softer radiations The range <A'

maximum useful magnifications follows accordingly: values are giv-er, in

Table 1. 3. 3.F. Figures in this Table are admittedly rough. bu:- th--y do

represent the fruit of experience.

Table 1. 3. 3.F

Maximum useful -magnifications and resolution limits oi X-ray

topographs taken with various radiations.

Resolution lirnit, pm Maximum useful
magrdfication

AgKa 2 150 - 200

MoKa I -2 200 - 300

CuKa 1 400 - 600

CoKa. CrKa 1 600 - 800

- . i - ~
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2. STUDIES OF MATERIALS

2. 1. Natural Diamond.

2. 1. 1. Types , flattl.e inpeifecLien in natural diamond.

In many respects diamond is a most suitable crystal for X-ray

topographic studies. Its low X-ray absorption permits specimens up to

several millimetres thick to be easily penetrated by MoKa and AgKQ

radiations, and enables X-ray topographs of large crystals to be taken

satisiying the condition •tt - I (Ft is the linear absorption coefficient.

t the specimen thickness). When this condition is satisfied the inter-

pretation of topographic images is much simpler than in the high-

absorption case, in particular, it is easy to obtain information about the

spatial distribution of imperfections in the specimen when the absorption

as low. Also. diamond crystals are mechanically strong and chemically

stable. They are easy to mount for either X-ray or optical examination

without risk of elastic or plastic deformation of the specimen as a whole.

or of localized damage to its surfaces through abrasion or chemical

attack. Much more important than these practical considerations.

however, is the fact that diamond is one of the most intensively studied

crystals of a single chemical element. Many years oi research on its

mosaic structure, electron density distribution, optical properties

(in ultra-violet, visible and infra-red regions), electron spin resonance,

cleavage, hardness, surface topography and counting properv-ýs have

raised more questions than have been convincingly answered, and have

repeatedly revealed a dependence of these properties upon the c rystal

texture, i. e. upon the state of crystal perfection. Such a situation

indicates that X-ray topography should be a close adjunct. if not a

principal method of examination, in any realistc and critical investigation

on the texture-sensitive properties of diamond. There has been no

abatement of interest in diamond in recent years; and in two new lines of

work :n particular. radiation damage and laboratory-produced p!astic

deformation. it is to be hoped that X-ray topography will play an important

role. Both old-establishe -3roblems concerned with the growth and

morphology of natural diamond, and newly arisen questions concerning

imperfections in man-made ciamonds, have received iUllm2nation from

~ ;r~~'. -. ~ log
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X-ray topographic studies. The wide scope of preuent day research on

the physical properties of diamond is indicated by a recent review volume

(Ber.nan 1965). This contains a chapter on X-ray topography by Frank

and Lang (1965) dealing especially with applications to studies of diamonds.

The accepted classification of diamonds is into the common Type I,

which are more or less absorbing in the ultra-violet below the visible

region, and the rarer Type II which transmit down to about 2, 200 A. It is

not possible to say from inspection of an X-ray topograph whether the

specimen is Type ' or Type II, but associations between certain forms of

lattice imperfection and the optical type have been demonstrated. It has

certainly been shown that the hitherto prevalent notion that Type II diamond

has a lower lattice perfection than Type I is an unjustifiable generalization:

this conclusion was a by-product of the investigation described in Section

2. 1. 5. It has also been amply demonstrated that great variations of

density of lattice imperfections from point-to-point within a given crystal

can be accompanied by correspondingly large variations in optical

properties. This finding alone would justify the routine X-ray topographic

survey of crystals intended for use as specimens in optical, electrical and

other studies.

Lattice imperfections which can be individually resolved on X-ray

topographs of diamond can be broadly divided into inclusions and precip-

itates, dislocations and lamellar imperfections. These three classes of

imperfection of course also occur in other crystals, and examples of them

will be described in the following sections; but their manifestations in the

case of diamond, so it has been found, often take characteristic forms

which are of direct relevance to problems peculiar to this crystal. In-

clusions, which are bodies accidentally incorporated during growth, may

or may not be visible optically. They may or may not produce detectable

strain in the diamond matrix surrounding them (the strain being detected

either by optical birefringence or, more sensitively, by X-ray diffraction

contrast). They may or may not introduce dislocations by lattice closure

errors in the matrix enveloping them. However, generation of dislocations

by inclusions is very common. Indeed, the very great majority of dis-

locations in diamond origihate on inclusions. A frequent occurrence is a

-~~~~ ........ ~ ~
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radiating pattern of dislocations, the radiant point being roughly at the

center of the stone and doubtless coinciding with the Ic1eus.ro. ,cP

the crystal grew. Even in cases when a central mote cannot be clearly

seen at the radiant such a configuration strongly suggests heterogeneous

nucleation of the crystal. When, on the other hand, a distribution of

localised strain concentrations is seen from which no dislocations run out

in the direction of growth towards a crystal face, then it is i-kely that these

strain centers are due to precipitates which have formed after growth.

This interpretation is reinforced when, as is often the case, some of these

strain concentrations are seen strung along dislocations which radiate

from the center of the crystal. A remarkable example of precipitation,

including the decoration of dislocations by precipitates, is described in

Section Z. 1.4.

The lamellar defects usually take the form of sheets of enhanced

diffracting power, and they are interpreted as marking layers of abnormal

interplanar spacing due to local concentrations of impurity. Such sheets

frequently clearly lie on what were once the growing faces of the crystal.

When, as is often the case, much of the crystal volume is occupied by a

sequence of these sheets, they provide a direct 'stratigraphic record' of

the growth history of the crystal. A study of this stratigraphy reveals

that many diamonds have had a complex history of growth. solution, and

regrowth. Possibly the rounded forms outlined by layers of enhanced

diffracting power which are sometimes observed may indicate both solution

surfaces and fronts marking the limits of inward diffusion of sorme impurity.

Rather rarely do lameliar defects on a growth horizon contain a resolvable

raft of dislocations. On the other hand, dislocations nucleated at such a

horizon and subsequently grown in to the crystal along directions roughly

normal to the advancing growth front are quite often observed.

The composition surfaces of twins in diamond often contain lattice

imperfections producing long-range strain. Other types of fault surface have

been recognised. and appear to be stacking faults (see Section 2. 1. 8. )

Whether or not defects such as precipitates or dislocations may be

resolved individually in a particular region of specimen, a statistical



measure of the departure from the ideally perfect state can still be

obtained from the intensity of the integrated reflection or from the
I,

visibility of Pendellosung fringes (see Sections 3 and 4). Type I diamonds.

upon which most topographic work has been done, are known to contain a

large density of impurity platelets up to about 1,000 A in diameter (their

distribution and structure are discussed in Sections 2. 1. 5 and 2. 1.6).

Yet these diamonds often behave as highly perfect crystals. Type II

diamonds, on the other hand, which are free of platelets, can exhibit

some strange and extreme forms of lattice distortion. A brief report of

the latter is given in Section 2. 1. 9.

The natural surfaces of diamond are covered by scratches and ring

cracks which produce intense diffraction contrast. Artificially cut and

polished surfaces can be deliberately damaged by indentation or abrasion.

It is found that surface damage can be revealed more sensitively by X-ray

topography than by optical methods, and such X-ray studies (described in

Section 2. 1. 11) can throw light on the mechanism of wear of diamonds.

2. 1. 2. Dislocazions and trigons.

This work represents a good example of a study in which features

of the surface topography of a crystal, which can be studied by optical

rnicroscopy, have been correlated with internal lattice defects made

visible by non-destructive X-ray examination. The surface features in

question are called trigons, depressions bounded by equiangular triangles,

which are found on the natural octahedral faces of the majority of diamonds.

A characteristic of natural trigons is that their orientation is opposite to

that of the face upon which they appear: consequently their vertices point

away from the corners of the crystal face on whicb they lie. Several

different trigon types exist: a description of their morphology, and a

classification of them, are given in R7 (Lang 1964a). The most important

division, of types of trigons is between those that are flaz-bottomed and

"those that are pyramidal. The latter were proved to coincide with dis-

location outcrops. On the other hand, no special association of flat-

bottomed trigons with dislocations was found. As this investigation of

tri gons is fully described in R7, only a few points need be mentioned here.

. .



The work provides very str,)ng support for the explanation of pyramidal

trigons as being etch-pits produced by some process in Nature.

Observations made since the paper R7 was written have done. nothing but

confirm the conclusions drawn in that paper. Buried trigons are sometimes

observed: these are taken as evidence of an etching epoch in the growth

history of a diamond. The detailed study of the association of pyramidal

trigons with dislocation outcrops and the attempts to find the Burgers

vectors of these dislGcations were made very difficult by the low visibility

of the dislocation images and the obscuring effects of surface damage. A

case exists for repeating some of the work on diamonds from which

surface damage has been at least in part removed by etching, such etching

having proceeded not too deeply so as to make unclear the location of

natural pyramidal trigons. It might then be possible to establish con-

clusively whether there is a dependence of the slope of the sides of

pyramidal trigons upon the orientation of Burgers vector of the dislocation

associated with them. This dependence was not proved in the work reported

in R7. The geometrical perfection of natural trigons shows that the etching

process active in Nature had a remarkable specificity and efficiency as a

dislocation etch. It would be desirable to be able to reproduce the process

in the laboratory, and an essential part of such a study would be a com-

parison of etch-pit distributions with X-ray topographs. The surface used

for such work could either be a polished one, or a natural face containing

dislocation outcrops that hae not been already naturally etched to produce

trigons. Diamonds with apparently un-etched faces have been encountered

in the course of the studies here reported.

2. 1. 3. Low-relief surface features.

Optical microscopic studies of the surfac s of numerous diamonds

handled in the course of X-ray topographic investigations have provided

much evidence that the surfaces of the great majority of diamonds have

been subjected to processes of dissolution. in such cases all traces of

the final growth stages have been obliterated. The rare examples

encountered of crystals which do not show solution features are of special

interest since there is the possibility then that the present surface may be

the final growth surface of the specimen. Two such specimens have been
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extensively studied. One had surfaces unusually flat and featureless but

contained a number of stacking-fault defects in a layer down to about

70 microns below the p-esent surface; these defects will be discussed in

Section 2. 1. 8. The other stone had on one face four pyramidal, terraced

hillocks of very low relief. It was also a trigon-free, but not dislocation-

free specimen. The configuration and state of bunching of the terraces

strongly suggested that they represented steps advancing from the

pyramid centers and not receding to them, and hence that they were

growth steps rather than etch steps. This specimen has been illustrated

and discussed in Frank and Lang (1965). Since that description was

"vritten further careful X-ray topographic studies have been made to

verify that the pyramid apices do not coincide with outcrops of dislocations

originating deep within the crystal. These studies also showed that the

diamond had a somewhat imperfect 'skin', perhaps a'few microns thick,

which diffracted more inter.sely than the bulk Of the crystal. Step width

and height measurements made by phase-contrast microscope indicated

that the thickness of the fine-stepped pyramidal layer was only about 2

microns. It thus appears most likely that the final stages of growth have

been preserved on this crystal, but that the material deposited in this

stage was not as perfect as the bulk of the crystal.

The pha-t-contrast microscopy was performed without silvering

the surface of the stone, yet by careful adjustment of the optics and the use

of the highest photographic contrast, steps of height less than 10 Angstroms

were revealed. This height estimate was made by comparing the visibility

of fine steps and coarse steps on the same face, and between the latter

coarse steps and steps of roughly known height inside trigons on another

stone. In the regions where the steps were closely spaced, their average

width was about 10 microns. This figure, taken in conjuction with an

average step height of 10 A, gives a pyramid slope of about I in 104. This

slope remained constant up to 2 mm from the apex of one of the pyramids.

Two of th- pyramid apices were located at a crystal edge, a likely place

for a growth-promoting contact with another solid to oLtur.
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2. 1. 4. Precai~fateS and decorated dislocations.

As pointed out in Section Z. 1. 1 . the relationship between the dis-

location configuration and the djstrjbu-tion of strain -produc ing centers

usually ighows whether the latter are inclusions. i. e- foreign particles

accidentally incorporated into the growing diamond, or precipitaies

which have forrmed in the inoterior of the crystal behind 'the growth front.

One case of precipitat-ion attracted attention because the precipitates were,

in the aggEregate. visible optically, producing a cloudy region about 3 mm

.r. diCam-eter within an otherwise good quality stone about 5 mm in diamete-r.

The work on :his diam-ond is describhed in R4 (Shahi and Lang 19,63). It was

Won that d:-slocation-line segments wyn ithuin the zone of prec.pitation

were stror ly decorated by ore cipi~ates. but we-re not deteciably decorated

owtside thi-s =on~e, A remarkable feature of t-he distribution of the pre-

cipitates wa.S their extens-ion in finger-'Uke regions radiating in < I110>

directions frorr the center of the- cryst.-L A speculation was put forwmard

zhat such a distributioni mi-ght. azise if in its early stages the diam~ond had

gr-own, as a cubo-octahedron-

2.7.- X-ray Bragg reflection. 'spikle` reflection and ultra-.violet

abs2ý_ptiorn topographyr.

Rather mrore than 25 years ago the study of diffuse X-ray re.flections

frcwn crystals began.t eev serious attention. Il --he earliest work a

clear di ffe rent-;ation was nzot adwavs made between cases When a dist-

ribuaion of reflecting !-ower away from lattice points in reciprocal space

:arose from so-ee static disorder of the crystal lattice or w-as due to

scattering by acoutstic waves in the lattice. This uncertainty applied for a

itime to the comparatively strong extensions of reflecting power in < 100 >

directions abou! certain reciprocal lattice points of dia-mond which were

discovered b-c Raman and Nila-kantan i-. 1940- Lonsdale and colleagues

showed in the following years that these < 100> 'spik~e' reflections were

not Ehermal diffuse reflections, but th~at they were 'texture -sensitive'

effects, varying from diamond to diamond- It was not until 1956 that a

r.eason~able expiinat.on of :he observed diffraction effects was proposed,

by Frank- (1956), whe drew upon the close resemblance of these effects to

those produced by the precipitates (known as Guinier-Preston zones)which

f~ ýz~- - ~- --- - .
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develop in age -hardening alloys such as AP, + 4%C-i. Frank- showed that

precipitate platelets or, cube planes, satisfying certain conditions with

respect -7 the lattice displacement they produced normal to Lhose Planes,,

could accounat If~ t1he '-spikes'. The difficulty pre senied by Frank':;

theory, that no suitable impurity element was known to be p, esent in

sufficient quantitry to produce precipitates generating 'spihes' oý t-he

intensity observed, was r-emoved by Kaiser and Borid's &iecovery iin 4'5

that nitrogen was present as a major impurity in the ro-mvnon Type

diamonds. ir=aiser and Bond found, moreover, that theie was a dizec-t

propportiol-atvUh betweeen isit rogen ccn-tent and the strength of the Chieff

characteristic ult ta-violet and infra-.red abseorntions of Typ-- II diamond,

Now the early stadies of diarmond 'splike' refflections 'had fou-nz; thai. T noe Ur'

,diamnonds (wihare substantially nltrogcn-re) i C o so ~si~s,;

but at the timne the -.-ork reported here was 14egan it was nos. kaCv--Io whether

there was ayregular deedec bertween '2spike- Ainteinisty and strength'

of &-e Type i absorption. Ire iOetgtetis dependence -=-s a mnajor a;imr

of the present work, and the- essentialk need to rnake the investigation puint-

by -poi-nt in diarnondl crystals, Z;- e. by topographic methods, wmras Sooent

demonstrated by the di spla-y of great nor.-uni forrmit i, in aozne specimnens,

of both optical abso-rption and spike-reflIecting powvezr as -0wel as of the

lattice imperfection content re-.realec! by standard X-ray zopographic tech-

niques. The special optical an--d X-ray techniques required for xhis work,

tne expcrinnentai results obtained, and the conclusions drawn. from them,

have be-en fully reported (Takagi and Lang 19164, R9) and onlay a fcw co-minents

ne~ed be added here- While Takagi and Lang's investigation was in progress

Evans at-d P-haal (11962) succeeded imn taakin2, 1rarnsm~issicon electron -micro-

graphs of IType _7 diamond-s which revealed the presence o2*7 precipitzate

platzelezs lyi.2g on cuabe planes-. Th-is confirnmed Franek's hypothesis more

directkr &.an Co*iId be done by X-ray top~ographV. but' it could not prove

that the platelets contained nitrogen.. However, talking the work of Evans

and Phaal in Conjunction with Ta~kagi and Lang's finding that spike -

reflecting powcer and ultra-violet absorption are associated with ea-h other.

point-by-point, and applying Kaiser and Bond's relationship betwcee'

nitrogen concentration and ultra -violet absorption, it appears extremely



likely that, in regions where the platelets are the major lattice imnper-

fection present, the great bulk of the nitrogen resides in the platelets.

The AX-ray iopographs underline the importance of considering the

oxera" Zattice in-ape rixvq.tiu conterit wzzezz LUC uzg eUiLLri ox' Rjjf

and state of aggregation of the nitrogen: in all regions where high ultra-

violet absorption and high spike intensity we re T-eaasured zhe local

density of dislocations was negligible. On the other btand, som-e -local

regions of hilghly perfect crystal were found that viere aliso s6 ultra-

-violet transparent as to be regarded as Type H diamnonds. Thus the

orresviouslvr acc-evted Ih#lief that the Type 11 optical characteri-stics VLere

accomp.anied- by poor ltattice Derfectinnr wa-5 snow-n to be too broaId a

gerierazlzation. Thnere remains much scopee for iturther investigation of

dhe lattice perfection of dislocation-free regions of diano-nd as a function.

of platelet concentration- Amiong other re-sults of Takagi and Lang! s

work wuere the fiinding that where platelet precipitation was present it had

occurred with equial de~nait-Y onal cube planes and bore no relation to the

lo5cal, -r0=Wth; direaction. Also, boundaries between regions of high and

lo lra-vidolet a2-soration could be extremnely sharp. These boundaries

were-- always asEsociated with growth stratifications revealed by norm-al

ý0- 57a! -Popo ps Ii it appears that variations in platelet concen-

trat~in co-rrespond to variations in concentration of grow-n-in impurity,

and no detectable dififusion of Lrnpurity between crystal growth and the

precipitatian o-f the irmpurity has occurred-

2. 1. 6. The structure oi nitrogen platelets in diamnond.42I

'Some years ago Elliott (1960) proposed a structure for the nitrogen

impurity platelets Precipitated in Type I diamond- This model was

accepted until Lang (1964 b, R 11) pointed out not only that Elliott had

based his moxdel --Pon the expansion due to the platelet being equal to 1/1i2

o' the edge of the diamond face-centered cell, instead of 1/3 of the edge

as the 'spike' diffraction data suggested as being the likely mrinimum~

value, but also that the bending configuration in his model would probably

not produce any expansion at all-

The alternative structure proposed by Lang (1964b, R11I) contains



a double layer of nitrogen atoms replacing a single carbon layer

parallel to a cube plane. It is not easy to prove that this model is

correct since its atomic structure within a diamond cannot be resolved

directly, and it cannot exist separately from the diamond matrix. The

best that can '3e done is to check that it does not conflict with observations,

such observations being made on as wide a variety of properties as

possible. The model is structurally plausible, and no better one has yet

been suggested. ý..xperimental data which may be used to test the model

can be drawn from the following fields, (a) X-ray 'spike' reflections,

including low-angie scattering, (b) electron microscope diffraction con-

-rasr of platelet images, (c) lattice parameter measurements, (d) density

n.easure-mients, and (e) optical measurements. Some aspects of these

will now be discussed briefly.

Agreement with (a) formed the starting-poina for building -.he

platelet model, though the wide range of displacement possibilities

compatible with the 'spike' evidence should be borne in mind as 1.1-, i,=en

discussed - ,ra.k iProc Phys. Soc. Louid •4 i9_4 :-i,. :d Lang (i960_4b!

Small-angle scattering close to the direct beam can be regarded

as a special case of 'spike' reflection, that about the zero order reflection.

No small-angle scattering by platelets has been detected, despite a

diligent search. This is in accord with Lang's model in which the plateleet

cell has the same electron density as a normal cell.

In (b), the electron microscope diffraction contrast study, there

appears, superficially, to be some difficulty. The measurements of

displacements of the diamond lattice on either side of platelets made by

James anea Evans (1965), using the method of Ashby and Brown (1963),

gave values ranging from 0- 15 to 1- 2 A, whereas Lang's model requires

a disDlacc ment in units of not less than 1- Z A. There are, however, a

number of factors that could have introduced error into James and Evans'

results. Most of them act in such a way as would make their derived

values or displacement less than !he true value, quite possibly by e factcr

of two or more. Thus the range of values they obtained could well be

interpreted as being a spread, due :o experimental uncertainties, about a

-~~~~~~WdM=;ý =777--- -. . - e---~~*-~-2- 7



modal value which, due to systematic error, is about haalf the true value-

In Ashby and Brown's experiments the specinmens were several

extinction distances thick and fairly highly absorbing- In Jamnes and

Evans' experiments the diamonds were orly one or two extinction

distances thick and were quite lightly abscrb-ing. This difference made

it mnore critical in the latters' experiments that the specimne~n should be

set exactly at the Bragg angle: deviation frzmi !his condition w'oule lead to

apparently srr--alier displacements than the true ones. Also, the~

diffraction theory applied ass-amed that the divergence of zhe incident

electron beann or. the sp-4-cimr-en vwas -synall cvnmpared with the angular

range of Bragg refaection by the speci-men. This condition was not Rdl-

f:.Ied in the case of the diannond 400 reflection with which Jamnes and

Evans obtained nn-_st of eheir results; and again error leading0 to a

disniacezmrent raslue smaller than the true one vould thereby arise.

W.- espect to (cl: it should be noted- tha one effif-c! of -the pre-

zipitation -;- platelets on cube planes in an, otherwise pe-rfect -natri- is to

cause fhe lattice parameter derived !ro_-i a given anterplanar spacing to

vary systemnatically as a function of the indices, of reflection. This

Prediction (Lang 1 964b) has sericus irmplications in accurate lattice

parameter measureme~nts on diamond- it- awaits experimnental test.

Introduction into diamond of nitrogen platelets having the structure

here prop-osed will not- change its de-nsit-y.. Kaiser and Bond in fact found

no change in density with increasing nitrogen concentration- More

:recently other workers bave renorted precise Censity mneasurements on a

variety of diamonds and ha-re fou-d a- very srraLl spread of density values.

Regarding the opuicala properties of this nit-rogen platelet nnodel,

little positive c-_n vet be said in support or agai-nct it- Conventional

calculations of infra-red absorption properties have been concerned only

with the behaviour of individual impurity atomns-. There is a strong need

for a thleoretical investigation of the lbehavioz~r of a sileet of imi~urity

atioms, zg~gregated in a structure such as that proposed fer tbe ni-treagel

platelet- A similar situation arises in the ultra-violet. IT. is rreaso.z;ble

to suppose &,:it nitL*rogen atoms precipitated tai plates rangsing up to seve-ral
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tenths of a wavelength in diameter will behave differently optically than if

they were distributed at random in the matrix.

From wihdt has been said above it is clear that much work still

need-s to e done before fuii confidence in describing the state of

aggregation of nitrogen impurity in diamond will be achieved. However,

the structure here proposed stands a good chance of survival.

2. 1. 7. Coated diamonds.

Coated diamonds are of imnortance both scientifically and

commercially. The commercial importance stems from the fact that they

are of wide occurrence and indeed represent a high proportion of the output

from some mining areas. The material of the coat, though mainly

diamond, is filled with fine dust-like varticles of a micron or less in size,.

and it is fairly translucent, but not transparent. It effectively screens

the core from visual inspection. The core material is usually white

diamond of good quality, though frequently badly cracked. The cracks may

contain a film of coat material- The fraction of the total volume occupied

by good quality core, and the distribution of cracks within the core, are

characteristics of a stone that can easily be discovered by X-ray tono-

graphic examination. Such exarination might wel be worthwhile as a

routine commercial operation, to find which coated stones contain a core

which it wouid be profitable to separate from its coat. However, thc.

intention of the investigation here reported (Kamiya and Lang 1965a, RIZ)

was more to studly the fundamental properties of the coat, its lattice

imperfections and impurity content, than just to demonsirate the ability of

X-ray topography io identify coat and core material. Since %:Dated stones

are common. an understanding of the process of their growth is of

importance in coinection with the study of diamond genesis as a whole.

The present work showed that the growth mode in diamond coat had much

in co.-nton with that which can' be induced in various crystals by causing

them to grow in the presence of a colloidal dispersion of foreign material.

Such dispersions (in the solution, or in the melt) can cause spherulitic

growth. Diamond coat can be regarded as an early stage in spheruitic

growth. The transition from normal growth to the fibrous growth oi the

i.
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coat usually occurs quite sharply, at any rate locally. The transition may

occur at a core surface showing evidence of solution, indicating that the

p .,nt, -roces %- .ras notf from.* core. to...... cot

Much interest attaches to identification of the impurity material in

the coat. Optical spectroscopic methods have failed to do this. Kamiya

and Lang (1965a) applied high-resolution X-ray absorption topography,

taking advantage of the fact that local high concentrations of impurity

occur in bands in the coat. By comparing the X-ray absorption of various

wavelengths, an idea of the atomic number of the impurity can be obtained,

and certain elements can be definitely identified and assayed. One such

element is iron, whose presence can be sensitively detected by comparing

the difference in absorption of CoKa and CoK3 radiations. In the present

work it was found that iron was not a major impurity in the coat- The

experiments showed that the major impurity elements respersible for the

absorption were either quite light, with atomic numbers up to ani

including titanium (elements such as magnesium, alh-.inurn, silicon,

potassium and calciun, probably in combination with each other and with

oxygen), or were elements relatively heavy, with atomic numbers greater

than the first transition series. Maximurn local imrpuri.y concentration

esftmates -were about 0- 7vMgO or SiC2 , or a few tenths of 1'. of a

heavier eiement s•uch as zirconium. in the presence of such non-ferrous

absorbers, the upper limit of the concentration of iron was reckoned to be

. 031v.

Quite :eccntly an account of an electron micro-probe X-ray spectro-

g:aphic examirnation of a coated diamond has been published (Seal 1.6).

This found ixpclusions in the coat containing silicon and oxygen. One

izclusion contained .otzss;"-i-,_ and -aci.n.. No iron was reported. These

findings provide good confirmation of K"ain-ya and Lang's interpretation of

their X-ray absorpticon data.

• -_, .-• .- - - -•"-• • -, '.- ----- ...-. • •-~-- •- ----. .. .- ,.-
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2. 1. 8. Planar growth defects in diamond.

In Secdion 2. 1. 1. it was mentioned that lamellar defects are of

frequent occurrence in diamond. Usually these take the form of fairly

extensive sheets of extra diffracting power lying parallel to what was

once a growth surface of the diamond. Sometimes they can be traced

right round the diamond, forming a complete shell. Sometimes they

occur only as the trace of one face, or as the incomplete trace of one

face. This localisation may arise from their being the relict of a once

continuous shell, most of which had been removed during an epoch of

solution in the diamond's history, or from their having been formed only

on a particular area of the growing face where there was a local concen-

tration of impurity, growth having occurred under conditions not permitting

this impurity to be diffused or carried uniformly around the whole growing

surface. Localisations of both types have been observed. In this Section

there will be described a quite different type of localised defect, one which

is more strictly crystallographically oriented, lying parallel to a {Il1)

plane, such plane being inclined at 70-0 to the local octahedral growth

surface. This defect behaves as a fault surface with a well-defined fault

vector, in every way similar to a stacking fault. These stacking-fault

type defects are probably quite rare. They have only been observed in one

stone which otherwise was of exceptionally high lattice perfection. Apart

from one completely grown-in defect which took the form of a regular

tetrahedron about 115 microns in edge length, all the plane defects (about

10 in number) outcropped at the surface of the crystal. Some took the form

of equiangular triangular sheets with one edge lying in the crystal surface.

Others were trihedra composed of three triangular sheets on the three

({ ll} -type planes inclined to the crystal surface. The latter formed an

open pyramid cutting the crystal surface in an equilateral triangle, with the

pyramid apex about 30 microns below the crystal surface. The resemblance

of these features to the defects observed by electron microscopy in

epitaxially grown layers of silicon on silicon (e.g. Booker 1964) is extremely

close, even to the occurrence of single triangles and of trihedra, but not of

dihedra. The natare of the defects is doubtless the same in both cases: a

stacking fault is nucleated at the crystal growth surface when a small

S.. .. . . ..• • - -- -- --- -- rL•- • • . . . .wm a ',• • • • " -



triangular island of wrongly stacked material is laid down, and then, as

the crystal continues growth, it propagates outwards along 111) planes

inclined to the growth surface. An account of the work done on these

defects has been published (Lawn, Kamiya -nd Lane, 1965. R17). The

interest of this work is twofold. Firstly, the fault surfaces which outcrop

at the crystal surface are probably in material which was crystallised

during the final stages of growth of the crystal. They are thus of sig-

nificance in providing evidence of conditions at the conclusion of growth.

Optical exami tion of the faces of the stone did not reveal any etch

features. Dis.. ition outcrops were not accompanied by trigons. it is

likely that this diamond had not been etched, or if so, only very lightly.

Such diamonds are rare.

Secondly, the analysis of the diffraction contrast from the planar

defects, which required topographic experiments of the highest refinement

obtainable, applied diffraction theory to derive as much in-formation as

possible concerning the nature of the defects. A development of dynamical

diffraction theory was worked out in order to explain the diffraction effects

produced by the interior tetrahedral defect. This involved the explanation

of types of diffraction image of which no counterpart would be observable

in electron microscopy. Agreement between theory and experiment was

very good. In the case of the single triangular fault surfaces it was found

possible, despite their small size, -! resolve and study separately both

the 'area contrast' they produce' in certain reflections and the 'line

cGntrast' from their bour-ing partial dislocations that appeared in other

reflections. They were found to be bounded by Frank sessile dislocations.

2. 1. 9. Imperfections in Type H diamonds.

Type II diamonds have a bad reputation as regards lattice perfection.

On the other hand, the work described in Section 2. 1. 5. showed that Type II

optical characteristics are not necessarily linked with a mosaic structure.

There do exist, however, certain curious types of mosaic structure among

Type H diamonds which involve considerable lattice mi. orientations. It is

likely that the presence of some crystals of this sort among the small

fraction classified as Type H out of the total population of diamonds has had

the effect of lowering the reputation of this class as a whole. Little
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quantitative work has been done on the characterisation of the mosaic

structures exhibited by Type II diamond, either by high-resolution

topography or by any other method. The observations recorded here

involved only a few samples, and the conclusions drawn are only

tentative.

The range of misorientations involved is quite large, up to

several tenths of a degree in some cases. The linear scale of the

misoriented regions is small, down to the limits of X-ray topographic

resolution. Hence these diamonds can approach the completely imperfect

mosaic crystal in character and have a correspondingly high integrated

reflecting power.

It appears possible to divide these mosaic diamonds broadly into

two classes, (a) those which exhibit a strong and characteristic

birefringence pattern and (b), those which exhibit little birefringence.

Class (a) are readily detected as a consequence of their birefringence,

whereas the high degree of lattice misorientation in class (b) would not be

suspected before X-ray examination. The characteristic birefringence of

class (a) has been studied by Ramachandran (1946), and by Freeman and

van der Velden (1952). The Indian workers refer to it as a 'geometric' or

'laminar' birefringence pattern: a good descriptive term for this bire-

fringence pattern is 'tatami', after the Japanese rice-straw mat. Tatami

patterns resemble closely the stress birefringence patterns in deformed

transparent crystals such as the halides (in silver chloride, for example,

as described by Nye'(1949)). In one tatami diamond examined in the

present work the pattern showed laminations with traces parallel to the

octahedral planes, but with one set of laminations dominant. The pattern

was similar to that given by plastically deformed crystals with intersecting

slip systems, ont such system being dominant. X-ray topographs enable

the actual rnisorientations to be mapped, though this is a somewhat tedious

operation. The topographs show quite sharp lattice curvatures to be present.

In class (b) the crystal appears broken up into cells. The distribution of

orientations of the cells has not yet been analysed. The relationship between

misorientation and position in the specimen'does not obviously resemble

that exhibited by the tatami diamond, class (a). In class (b) sharp lattice

Owl



curvatures ranging over distances of several microns do not seem Io be

present. The tentative explanation of the mosaic structures of classes

(a) and (b) is that diamonds of class (a) have undergone plastic deformation,

and that class (b) are annealed and polygonised class (a) diamonds.

2. 1. 10. Radiation damage in diamond.

Because so much study has been concentrated on various physical

properties of diamond over the years. and so much data have been

accumulated (though not necessarily fully explained and understood), there

is a good case for investigating the effects ol irradiation on diamond, both

to discover what new properties are exhibited by irradiated diamond and to

trace how the behaviour of undamaged diamond is modified by a progressive

increase in .,,diation damage. Such an investigation includes the deter-

mir.ation of to what extent the original state nmay be recovered after annealing.

Much of thýo work done to date on radiation-damaged diamond has been o.On-

cerned with the changes in optical absorptior, in the visible and infra-red

regions. and in the electron spin resonance spectrum. Most of the

exF•.riments have been performed on Type ii diamonds because these are

purer than Type I diamonds. Strong Type I diamonds contain more than

I X 100 atoms of nitrogen per cc. As far as is known. the concentraiion

of other impurity elements in gem-quality diamonds does not generally

exceed about i0 1 8 atoms per cc. Since, however, the majority of the

nitrogen atoms in Type I diamonds are segregated in platelets (see Sections

2. . 5. and 2. 1. 6) the diamond matrix in Type I s-ones may well have on

average no more in~purity dispersed on an atomic scale than Type H.

Hence there may be no great difference between Type I and Type !1 stones

as far as the reactions in the bulk of the crystal between the radiation, the

diamond structure and the impurities are concerned. (It would be desirable

to investirate whether in fact there is a difference between Type I and Type Ii

diamonds as regards the density changes occurring upon irradiation, and the

degree of recovery of original density after annealing.) Optical and electron

spin resonance studies may indeed be simplified by using Type It stones,

but it should be borne in mind that gem-quality Type 11 diamond is apparently

prone to severe lattice distortions and misorientations not exhibited by

Type I stones assessed visually to be of as good a quality (see Section 2. 1. 9.).
----- -- ~=, % -
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It is regrettable t:-at the Type 1I diamonds whose :ehaviour afTer

irradiation has been reported in the literature were not examined X-ray

topographically so that their lattice imperfections could be recorded.

The diffraction phenomena exhibited by radiation-damaged

crystals depend upon dhe range of the damaging radiation, and whether

the whole specimen has been irradiated or only a geometrically wvell-

defined part of it (deiined, for example, by an aperture in a radiation

shield). If the range of the damaging radiation is less than the specimen

thickness. or if part of the specimen is shielded from the radiation,

there will be gradients of radiation damage. Since the most common

macroscopic manifestation of radiation damage is a dilation. it follows

that a single crystal which contains a gradient of radiation damage will

also contain a strain gradient. Strong diffraction contrast can be

produced locally where the strain gradient exists. Even if the whole

specimen receives a unifform- dose of damnaging radiation, strain gradients

may be produced near the surfaces if decomposition products can diffuse

towards the surfaces and escape. The effects of radiation damage in

diamond should be less complicated than in some materials, such as

halides. The crystal structure of diamond is simple. It cL nsists of the

single element carbon which does not retain radioactivity after irradiation.

Its cross-section for both high energy and thermal neutrons is small so

that large specimens may receive a very uniform dose of such radiations.

It is not to be expected, in the case of diamond. that the atomic rearrange-

ments occurring during damage or during recovery from damage should be

influenced by the prox--mity of surfaces. but no proper test for strain-

gradients at surfaces of irradiated diamond has yet been performed by

X-ray topography. On an atomic scale, the processes of radiation damage

by fast neutrons in diamond must certainly be complex: the carbon atoms

recoiling under impact by such neutrons may have energies up to I10

electron volts This energy is dissipated in many steps, involving

different processes

A notable feature of neutron irrad,-aied diamond 3s the large decrease

in density it can suffer without exhibiting any marked dezer,-oratuon of the

wr
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sharpness of its X-ray diffraction spots as seen in Laue or rotation

pajerns. Such density decreases may be up to about 4%, corresponding

zo a linear expansion of over 1%.

This resilience of the diamond structure to radiation damage by

neutrons has not only been confirmed by X-ray topographic studies but

has been shown to include th': xnaintc,.e:., - of a high degree of long-range

o:rzAer i.n the crystal Lttice.

Studies have been made of natural octahedral diamonds, of edge

length about Z1 mm, which had been irradiated in the Pluto reactor of the

Atomic Energy Research Establishment. Har-well- This work was done

in collaboration with Dr. E. M. WiLks of the Clarendon Laboratory, Oxford.

The fast neutrons had E"-ergies up to 10 Mev and the temperature of the

specimens during irradiation was about 35 0 C. Two specimens which were

examined in detail ,had received, respectively 2 X 10i0 fast nvt, and

1- 4 X 1018 fast plus I X 1019 slow nvt. The density decrease of the

former specimen was more than I%_ Topographs of both specimens

showed diffraction contrast due to (a) surface damage, (b) dislocations

radiating from the center of the crystal and (c) sheet-like layers of imper-

fection. Although considerable lattic.ý imperfection was present, no special

diffraction feature was exhibited that cc.u-d be definitely assigned to

radiation damage. It was remarkable how strong the diffraction contrast

of individual dislocations remained. This showed that coherence between

the incident and Bragg reflected X-rays was maintained over at least some

tens of microns. Thus, on the scale of a micron and above, the lattice

expansion that had occurred had been extremely homogeneous and isotropic,

so that the long-range order of the lattice had been little disturbed. There

was some indication, however, that stresses at localised surface damage

had been partially relieved.

2. 1. 11 . Abrasion of diamond.

Diamond is the hardest known natural crystal. Upon its great

hardness and its resistance to abrasion rest its vahle in industry as a

cutting tool and as a wear-resistant die for wire-drawing. The strong

orientation dependence of its mechanical properties when tested under
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certain conditions: and the repuied variability and inhomogeneity of

diamonds with resDect to their mechanical properties, are essentially

problems of crystallography and crystal-lattice perfection. Towards the

understanding of theseX-ray topography is beginning to make a

significant contribution. At the least, X-ray topography can perform a

useful service through examining and classifying specimens, and by

helping to correlate and rationalise diverse observations. It can proceed

further, however, and provide valuable clues to the nature of the

mechanisms active on an atomic scale which are involved in the abrasion

of diamond.

The simplest method of testing diamond is the scratch test. This

show- that diamond will scratch every other naturally occurring

substance. It is thus placed first- on Moh's hardness scale. Scratch

tests on diamond can be made by dragging a diamond stylus over a flat

polished diamond surface: these do not reveal the strong anisotropy of

res_..ance to abrasion that is found in some other types of test. Another

method of measurement of diamond hardness is the indentation test; in

this a smail indenter, usually itself made of diamond and having a

spherical contour, is Dressed into a flat diamond surface so as to form

ring cracks. Moderate anisotropy of cleavage properties is demonstrated

by ring-cracks; octahedral planes are the preferred cleavage planes.

These indentation experiments, in which large cracks a good fraction of a

millimeter in length are propagated, are relevant to the study of ring

cracks on natural diamond surfaces (which are geometrically similar

though usually not larger than a few tens of microns), and to the shattering

oi diamond tools. Shattering, however, can be minimised by proper

mounting and careful use of tools. On the other hand, surface wear, i.e.

the gradual removal of material from the working surfaces, is an

.mavoidable consequence of use, and is much in need of scientific study.

The degree of abrasion hardness of diamond has been studied by various

workers. One old-established method is to hold the stone flat against a

rapidly rotating cast-iron disc (known as a scaife) which is charged with

a mixture of oil and diamond powder. The rate of wear is obtained from

the rate of loss of weight of the diamond. A newer and more interesting
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method is to use the micro-abrasion technique. In this the edge of a

small double-conical, rotating, cast-iron wheel is pressed into the surface

of the diamond. The wheel is about 4 inch in diameter, its cross-section

profile has an included angle of 1100, and it rotates at between 5,000 and

10,000 r. p.m. It may be charged with olive oil and diamond powder

about 1 micron in diameter. Alternatively, diamond-bonded wheels may

be used. Elastic deformation and wear of the periphery of the wheel,

together with some vibra:ion during rotation, have the effect of rounding

the profile of the cut produced on the diamond so that it takes the form of

a shallow ellipsoidal segment. Its depth and shape can be measured with

great accuracy by multiple-beam optical interferometry. Such measure-

ments, combined with phase contrast microscopy, also indicate how

smooth is the surface of the cut. Typical cut dimensions are length

0- 6 mm, width 0- i 5 mm, and depth 3 microns. Other advantages of the

micro-abrasion technique are that several cuts may be made on the

surface of a single stone to examine its uniformity of hardness, and the

cuts may be made op areas whose orientation is known precisely. A

combined X-ray topographic and micro-abrasian study has been made on

several diamonds, the micro-abrasion work being performed by Dr. E. M.

Wiiks of the Clarendon Laboratory, Oxford. Some X-ray topographic

studies of artificially produced ring cracks have also been performed.

The information provided by X-ray topographic examination of

micro-abrasion cuts and rIng cracks is as follows. (a) A full topographic

survey of the specimen (which can be performed both before and after the

mechanical damage is introduced) shows what grown-in lattice strains

and imperfections are present in the stone and how they interact with the

artificially produced damage. There is evidence that abrasion resistance

is affected by impurity layers in the crystal. Such layers can be mapped

by X-ray topography. Similarly, stress concentrations at inclusions or

precipitates, which are likely to influence crack propagation, can also be

mapped.

(b) When the load producing a crack is removed, the surfaces of

the crack may close together sufficiently to make the crack invisible
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ozt,.ýally. X-ray topogralhs can z .he fdepth of cleavage by

detecting the loss of coherence between__ays diffrrctsd f,,r-rori -ther

of the crack. They show the lattice damage remaining when the two

sx-rfaces of the crack collapse together and do not heal.

(c) By use of a finely-collimated incident beam and by taking

topographs with the specimen's angular setting varied over a range about

the setting for maximum Bragg reflection, mi-sorientations of damaged

material by more than a fraction of a minute of arc are readily detected

and mapped. Such misorientations are observed at ring cracks, for

example.

(d) To-tographs taken with different reflections can find the

direction of displacement in the strain field produced by the indentation

or abrasion.

(e) The combined evidence of topographs taken with different

radiations and with different reflections enables a picture to be built up

of both the tilt and dilation components of the strain-field. Exact

analysis is difficult, but experience with the study of strain fields of

dislocations provides helpful analogies.

(f) If plastic deformation has occurred through the propagation of

dislocations along slip-planes then this can be detected provided that the

dislocations have moved a distance of roughly 10 microns or more.

It will be appreciated from the foregoing that the information

obtained by X-ray topographs not only complements that gained by optical

methods but also provides an independent variety of data. The seasitivity

cf the X-ray methods is sufficient to detect surface damage due to

abrasion when nothing can be seen either by multiple-beam interferometry

or by phase-contrast micrography. Very small amounts of strain, deep

in the crystal, can be detected on topographs by the bending of Pendells'sung

fringes (see Sections 3. 1. and 4. 1.) The X-ray topographs are insensitive

to irregularities of surface contour, especially in the case of diamond

which absorbs X-rays lightly. Tilts of lattice planes parallel to the

crystal surface can be detected more sensitively by diffraction contrast

' ..--- - -- I --
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than by measurement of surface contour.

Some specific findings reiating to microabrasion cuts will now be

summarised. The topographs of cuts on cube, dodecahedral and octa-

hedral faces show interesting differences, but the general pattern is

similar for these three faces, and for 'hard' and 'soft' directions on each

face. Within the abraded area there appear striae in the direction of

motion of the abrading wheel. The average width of striae is a few

microns. Using soft X-radiation such as Cu Ka and Cr Ka these striae

can sometimes be resolved into strings of individual micro-cracks.

Although these cracks are lined up into striae, the variation of their

diffraction contrast with orientation of the diffraction vector does not very

markedly. The most notable feature in the diffraction contrast pattern is

the intense concentration of strain (more strictly, of strain gradients)

around the periphery of the cut. This peripheral diffraction contrast is

especiaily intense at the end of the cut at which the rotating wheel enters

the cut. Topographs taken with the diffraction vector making various angles

with the long axis of the cuts show that the strain at the periphery is mainly

a lattice rotation about an axis lying in the crystal surface and tangential

to the periphery of the cut. By taking transmission topographs with

Cu Ka radiation which is appreciably absorbed in traversing thicknesses

of I - 2 mm of diamond it is possible to determine the sense of the lattice

rotation by noting the difference in the distribution of diffraction contrast

between hkt and hkt topographs. (This utilises the phenomenon of 'energy-

flow refraction' in conjunction with the Borrmann effect, see Section 4. 1.)

AUl these observations are com.patible with the following model.

The abraded area is covered by microcracks of the order of 1 micron depth.

Imperfect healing of these cracks after removal of load, and the trapping

of debris within them, result in production of a thin layer in a state of

uniform compressive stress. This produces an outwardly directed surface

traction at the periphery of the cut. Precisely at the periphery this model

exhibits an elastic singularity but at distances more than a few microns

from the periphery realistic values of dilation and tilt can be derived which

agree quite well with observations. To explain the additional contrast where
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the abrading wheel enters the cut. a line source of arditional compressiv_

stress is placed at this region of the periphery and is superimposed upon

the stress produced by the surface layer covering the abraded area as a

whole. This extra stress doubtless is due to a concentration of cracks

where the wheel, loaded -.;ith abrasive particles, first causes these

particles to hit the surface of the specimen. A concentration of micro-

cracks at this region of the periphery is also to be expected since during

the course of abrasion the resultant stress due to friction will be here

most strongly tensile. The elastic strains revealed by the topographs are

very intense: within the region covered by microcracks they may approach

M%. The small lattice tilts detectable by X-ray topography also extend to

a long distance outside and below the cut: tilts of more than I' of arc may

exist up to distances of about 75 microns outside or below the periphery of

the cut. The X-ray topegraphic studies suggest that the process of abrasion

of diamond can be explained satisfactorily by a mechanical model involving

brittle fracture alone: a crazing of the abraded area with microcracks and

the continuous plucking of fragments from it. No evidence for graphiti-

sation or plastic deformation has Leen obtained.

2.2. Synthetic Diamond.

The literature on the morphology and imperfection content of man-

made diamond is not extensive; references to the relatively small number

of important papers relating to these topics may be found in Rl3 (Kamiya

and Lang 1965b). Bovenkerk first described the variations in morphology

that occur as a result of variations in conditions of synthesis: the habit of

well-formed diamonds may vary from octahedral through cubo-octahedral

to almost pure cubic, and the cubic faces possess a smoothness and flatness

never e:xhibited by the occasionally observed cube faces of natural stones.

In X-ray diffraction studies the most striling phenomenon to be reported is

the 'satellite' diffraction pattern studied by Lonsdale and co-workers.

This is the pattern of a face-centered cubic phase, lattice parameter

3- 539A., which appears to be a carbon-nickel phase deriving from the

nickel impurity that is included in many synthetic diamonds. By takine X-ray

photographs using standard single-crystal techniques Lonsdale and co-workers

found that the crystallites producing this satellite pattern were in parallel



orientatiois with !he diamond matrix To discover more about the nature

and distribution of the crystallites responsible for the satellite pattern,

topographic studies are required. In this problem and in others to do with

synthetic diamond it was clear that X-ray topography could yield useful

information, particularly in view of the wide experience already gained in

studies of natural diamond. Consequently, a comprehensive topographic

study was undertaken to examine the characteriLstics of both the most

perfect man-made diamonds and also the much more common and imperfect

specimens. This work has been fully reported (Kamiya and Lang 1965b,

RI 3) so only a few aspects of it will be touched upon here.

As regards technique, the experiments were fairly demanding. The

crystals examined ranged from about 100 to 500 microns in diameter.

Reflections from crystals near the smaller limit of this size range are not

always easy to locate. When making adjustments to the specimen such as

changing the setting of the arcs of the goniometer head, and when rotating

the specimen about the goniometer axis, it is necessary to check frequently

that the specimen remains properly bathed in the incident X-ray beam.

Comphcations arise from twinning of the specimen (this is very frequent in

synthetic diamonds) and from the presence of gross misorientations. A

useful innovation was the development of the technique of taking stereo-pairs

of absorption topographs using a selected, strictly monochromatic radiation.

A perfect crystal of germanium, translated to and fro, was used to produce

a uniform beam of the required monochromatic radiation (such as Cu Ka and

Cu K1, the latter radiation being much more strongly absorbed by nickel

than the former. The absorption topographs were taken with the specimen

set at any desired angle with this monochromatic beam. Thus stereo-pairs

with any desired convergence angle could be produced; and any particular

plane in the specimen could be brought parallel to the monochromatic beam.

Among the findings, the following may be noted. The better

synthetic diamonds were, at least in some parts, relatively perfect. The

familiar pattern of dislocation bundles radiating from a central nucleus

could be recognised. and in favourable cases it appeared that individual

dislocations could just be resolved. Where flat areas were present on the

specimen surface, absorption topography revealed a nickel-rich film on
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such areas, and diffraction contrast showed that this film w•.-. producing

appreciable strain in the crystal underlying it. The absorption topographs

detected nickel-rich impurity present internally in two states of

agglomeration: as roughly globular inclusions ranging from 2 to 15 microns

in diameter which produced little strain in the diamond matrix, and as

finely divided material (less than 1 micron in diameter) which did produce

strain in the matrix. In one case this finely divided material lay in a

well-defined sheet which appeared to be the trace of the outward motion

of a crystal edge during growth. This edge was of the <I10> type that

would be formed at the junction of two { 1 l l-type faces that have an
zo

included angle of 701,0

The reflections of the satellite pattern could also be divided into

two groups. One group was produced by relatively large crystallites.

These were only roughly parallel to the diamond matrix since they were

in some cases misoriented up to 60 from the matrix. The other group

arose fro.n quite small crystallites closely parallel to the matrix.

Tentatively, the large inclusions were associated with the former group of

reflections, and the finely divided inclusions with the latter group; but

this relationship was not proved.

The rounded shape and general absence of matrix strain associated

with the larger inclusions suggested that they had been incorporated as

molten droplets. This absence of 'grown-in' stress at the larger inclusions,

and the presumably rounded form of the internal surfaces of the diamond

enclosing the globules, should prevent the build up of excessive stress

concentrations at these inclusions when the diamond is subjected to

external load. It may even be that these cavities in the diamond act as

'crack stoppers', inhibiting the propagation of cleavage through the crystal.

This may be the explanation of the reputed better resistance to cleavage of

synthetic diamond compared with the na'ural material.
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2- 3. Siliron-

2. 3. 1. The origin of dislocations in melt-grown silicon.

Since the complete configuration of dislocations within a large

s single crystal can be mapped by X-ray topography, this method of

investigation is the one best equipped fox providing inforrmsation from

which the origin of the dislocation configuration can be deduced. It is

helpful that the method provides data on both the spatial configuration of

a dislocation line and on its Burgers vector, and that it shows, moreover,

the spatial relationship between ary dislocation line and the local

orientation of the growth front and of the external surfaces of the crystal.

Some of the earliest X-ray topographic studies were performed on

silicon crystals grown by the Czochralski method. The topographs of such

crystals often revealed bands due to varying amount oi oxygen impurity

and other signs of instability boih of growth rate and impurity content.

Some such crystals, however, did show relatively large volumes free from

dislocations. In view of the greater purity of crystals grown by the

floating-zone method it was considered desirable to make a survey of

dislocations in a crystal grown by this method. The first X-ray

investigation of this type is here summarised, a full report having already

appeared in the literature (Jenkinson and Lang 1962, R2). It should be

borne in mind that at the time this work was performed the floating-zone

technique was still under development. Although the material produced

was of high purity (the X-ray topographs bore witness to the h-gh degree

of lattice perfection apart from dislocations), sufficient control of thermal

conditions had not yet been achieved to keep thermal stresses in the specimen

low enough to avoid plastic deformation. Thus the dislocation density was

by no means negligible: in parts of the crystal remote from the seed the
5 Z

density was locally in excess of 10 lines per cm .

The investigation had the following main aims: to record the density

and spatial arrangement of dislocation and to identify the dominant Burgcrs

vectors at a series of positions along the length of the crystal, to examine

the modes of dislocation motion and multiplici tion due to thermal stresses,

to search for evidence of generation of dislocations in the process of solid-

ification, and to analyse dislocation reactions.
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Seven slices were cut from the crystal, covering a length of about

35 cm, and at least eight topographs (using different Bragg r,•fletio_--

were taken of each slice. The dislocation configurations observed in -11

slices indicated a complex history of dislocation movement, with different

slip systems having operated at differer': times and temperatures during

the cooling of the crystal. Within about 1 cm of the seed the dislocation

configuration was fairly simple and the density quite low. At about 2 cm

from the seed there began to appear localised dislocation 'tangles'. These

tangles wt-re a notable feature of the dislocation configuration in all slices

from parts of the crystal further fro-n, tI.e seed. In such slices a three-

zone distribution of dislocations across the ingot section had become

established. Near the central axis of the ingot the tangles were found

most proiusely. The rim of the crystal section contained a relatively high

density of glide dislocations with fairly straight segments. Between the

core of the ingot and the rim was a zone of relatively low dislocation

density, with the dislocation-line segments being generally more curved

than in the rim. It was possible to analyse the distribution of Burgers

vectors in the simpler tangles. The shape and location of the tangles

indicated that they were associated with the mutual intersection of active

slip planes, and that they were composed mainly of a pile-up of dislocations

gliding in two or more intersecting slip systems. This conclusion was

supported by the Burgers vector analyses possible in the simpler cases.

Evidence was obtained that the heart of the tangle consisted of one or more

Lomer reactions. Such reactions produce relatively immobile dislocations

which would impede the movement of others and could initiate a local piling-

up of dislocations. It is clear that the growth of tangles will involve a

rapid build-up of dislocation densit-r and will lead to work-hardening.

Indeed, if an extra.polation from these observations at fairly low diisiocatioa

density is made, it suggests tha. the growth of tangles nucleated by Lomer

reactions is an important part of the process of work-hardening in face-

centered cubic crystals, and will be initiated when two mutually intersecting

slip systems become simultaneously active.

Regarding dislocation sources, the X -ray topographs showed that

internal multiplication during glide certainly occurred. The commonest

m4;
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cause of increase in di sloca tion -line length arose from the cross-sijo of

s~zew *hoiixoxenis. Lack of stable pinning of ioop encis prevented

repeti::vcopeatiMsZ% 01 souueces of !he F rank-Read Type: rarely were more

than one or two turns of a Frank-Read spiral observed. There was

evidence that surfaces sources of dislocations were active. No evidence

was found fer the generation of dislocations by a vacancy disc collapse

mechanism, or by growth accidents at the advancing growth front. The

increase of dislocation-line length during glide and the trapping of

dislocations in the crystal through their rnutlil interference appeared to

account quite aden,--ateiy for the density of dislocations observed-

2 3. 2. Dislocation configurations in a very lightly deformed silicon crystal.

In specimens of silicon such as that described above in Section 2. 3-. 1.,

in which most of the plastic deformation probably took place at a temperature

within a couple of hundred degrees of the mnelting, poirt. it is notable how

curved are the dislocations lines involved in this high-temperature slip,

and hour easily cross-slip hzs occurred- The dislocations are not at all

closely confined to their slip planes. At lower temperatures the tendency

for dislocations lines to Ilie parallel to < 110> or <112 > is stronger. and

at the lowest temperatures at which plastic deformation occurs the <11I0>

directions are dorminant. However, it is quite difficult to produce specimens

containing a low density of dislocations with well developed linear seg-ments

parallel to<l 10>. The technique for producing such specimens was

beautifullyV de-veloped by the late W_. C. Dash He started with bars about

2 to 3 mmr snuare in cross-sectaon and about 20 mmn long which had a ve:y

low or zero density o-z grown-in dislocations. B3y twisting such bars in a

narrow rairge of temperatures between that at which brittle fracture always

occurred ar'd that az which dislocatio-ins moved and multiplied to3o readily,

hc produced specimens in which slip had -ccui3-red on but a few planes,

widely separated spatially. Sever il bars deformed in this manner by Dash

have been examdnei& X-ray topograpthically. The non-destructive

character of the X-ray examination. and itsability to survey quickly large

volummes of specimen. were useful in- thiese experiments. Several well-

developed 5nternal dislocation sources of the Fran'k-Read type were

discovered One found in a bar which had vrobalhly been di sloc ation- free

-- ~ - .-
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before twisting was chosen for detailed examination. The aim of the study

was to eriafulnly t..h., ho"--din-enfiouai cnfiguralion of inle

dislaa-atinna iir,%IswA in "hZ o.pration of uhe soure, tkn datg 2

the fact that the X-ray method does not suffer from the limited depth of

focus of the optical microscope, and that when a penetrating radiation

such as Ag Ka is used dislocations within a depth range of about 2 mm

are clearly seen. By identifying Burgers vectors of dislocations as well

as displaying the dislocation geometry it was possible to gain some idea

of the conditions which brought the source into operation and the circum-

stances that subsequently caused its operation to cease. This analysis

has been reported already (Authier and Lang 1964, R8). The presence of

long straight dislocation segments in the specimen, some segments being

pure screws, others 600 dislocations, gave opportunities for studying

certain aspects of the diffraction contrast produced by dislocations. One

such investigation involved the determination of the sense of pure screw

dislocations (Lang 1965a). Other observations, involving the long-range

strain fields of dislocations and their interaction with PendeUl'sung

fringes (Kato and Lang 1959), provided valuable confirmation of some of

Kato's theories (see Kato 1963a and Section 4 of this Report). A few

points arising from the analysis of the dislocation geometry were as

fiolows. The orientation of dislocation lines along < 110> directions was

shown not to be as strict as a cursory view of the configuration would

suggest. departures from < 10> directions amounting to several degrees

were found. The configuration showed that 600 segments had travelled

faster than nure screw segments. A variety of interactions between

dislocations which had intersected each other, or which were still

effectively ;n contact, was noted. Some such interactions enabled the

relative sense of the Burgers vectors of the dislocations to be determined.

']
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2. 4. Germanium

X _r:y toographyT of grmanitm preents a nrnhlMm not nr'znt in

the case of silicon and diamond, in that germanium, being of moderately

high atomic number, absorbs X-rays quite strongly. The identification

of Burgers vectors from the diffraction contrast effects produced by

dislocations is simplest. and the contrast is strongest, when the absorp-

tion is low. For this reason it is preferred to work in the range where

the product of linear absorption coefficient. IL. and crystal thickness, t,

is in the range ti t 1. For AgKa radiation values of ji for diamond.

silicon and germanium are, respectively, 1-4, 8 and 183. The corres-

ponding values of t. in mm. for which I±t = i are 7-1, 1-23 and c n54.

Early topographic experiments with germanium specimens a few tenths of

a nillimeter thick showed quite different types of dislocation diffraction

S" " - :.:orn thai observed with silicon. This difference was soon

realised to be due to the much higher absorption in the case of germanium,

and not to be due to any intrinsic difference between the two elements.

indeed, by comparing topographs of a germanium crystal about imm thick

taken using AgKa (for which ;Lt---10) with those using WV Ka (for which lt,-l)

it was proved that similar dislocation contrast was obtained to that found in

silicon under the conditions *t---I (Lang 1959b). In the range of crystal

thicknesses for which ut lies between about 2 and about 5 it was found that

the dislocation contrast could be either positive (i. e- an excess of

diffracted intensity irom the dislocations compared with the matrix), or

negative, and the type of contrast depended upon the position of the dislocation

line within the crystal and upon the degree of edge or screw character of the

dislocation In particular, it was found that there could be a reversal of

contrast of a given dislocation between topographs taken with hk•. and hkt-

reflections. It was believed that this contrast reversal could be used to

find the sense of the dislocation Burgers vector. This belief wvas confirmed

by an extended series of theoretical and experimental investigations which

showed how X-ray topographic observations could be used to determine both

the sense an3 the orientation of Burgers vectors (Hart 1963). These

anvestcgatlions were carried out mainly on specially prepared germanium

- - . - I-
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specimens and made use of both the dislocations present in the 'as-grown'

specimen and dislocations deliberately introduced by controlled plastic

deformation. The specimens were prepared in the form of thin wedges

with smooth and flat surfaces. The wedge shape enabled the variation of

dislocation contrast with specimen thickness to be studied on one and the

same specimen. (Variation of diffraction contrast with X-ray wavelength

and linear absorption coefficient was also studied by comparing topographs

taken with Ag Ka. Mo Ka and Cu Ka radiations.) The need for smoothness

of the specimen surface arose both from the high X-ray absorption in

germanium and the relatively small extinction distance (-,10 microns);

the topograph would exhibit a mottled appearance. at least at the thin end

of the wedge, if the specimen surfaces were not smooth to within a few

microns. The work on the diffraction contrast of dislocations will be

described more fully in Sections 4-. 1 and 4. 2. - here an account will be

given of some of the features discovered in the configuration of 'grown-in'

dislocations in germanium.

The germanium crystals used were provided by the Royal Radar

Establishment. Malvern. They were grown by the Czochralski method.

Typical crystal dimensions were: length 8 cm, maximum diameter 2- 5 cm.

Their resistivity (intrinsic) was 50 ohm-cm at room temperature. The

crystals were grown with careful control of temperature gradients to

reduce the amount of plastic deformation produced by thermal stresses.

The growth axis of the crystal was a<i 10> direction. For convenience in

the following discussion this is taken to be [110]. With this growth

direction it is found that most dislocations grow out of the crystal and that

at distances of a few crysta! radii from the junction with the seed (or from

the crystal 'shoulder' where plastic deformation is most prone to occur)

the dislocations remaining are few in number and are mainly long and

straight, parallel to the growth axis. It had been believed, on the basis of

the work by Tweet (1958) and Dash (1959), that these Iong axial dislocations

were pure screw, or possibly of 600 type. In the present work it was found

that all of these dislocations were pure edge. It is believed that they were

formed by a Lomer reaction between dislocations gliding or. (I 11) and ('11)

slip-planes. If, while combining, they intersect the growth interface of

-. - - - 'm - m • • • 4•-
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crystal sections were cut at closely spaced intervals and topographically

surveyed. In this way it was hoped to trace these edge dislocations back

towards the seed to see if they originated at Y-shaped nodes, the stem

of the Y being parallel to [I lCand i:s two arms lying respectively on the

( ll) and (011) slip-planes with the appropriate Burgers vectors. it was

found that the pure edge disiocations ran back into regions of fairly high

dislocation density in which it was not possible positively to identify the

expected reactions. There was, however, strong circumstantial

evidence for the Lomer-reaction origin of these pure edge dislocations and

for their having been grown into the crystal in the manner proposed. In

this connection it could be seen that these edge dislocations were older

than some of the glide dislocations and that they had remained immobile

during later stages of plastic deformation. They had in fact acted as

o tacles to the movement of the later-moving dislocations. Indeed, they

c,,Ad initiate tangles such as those observed in silicon (Jenkinson and

Lang (19627).

2.4. 2. Deformation of germanium.

Crystals of germanium, originally dislocation-free or nearly so,

have been deformed deliberately. This was done not for the purpose of

studying the plasticity of germanium but to produce dislocation configur-

ations suitable for working with in the investigation of the diffraction

contrast in dislocation images. However. in the course of the work a

good insight was obtained into the mode of multiplication and movement of

dislocations in germanium near the threshold of plastic deformation. For

the study of dislocation images it was required to produce configurations

satisfying the following conditions: 1. the dislocations must be well

separated from each other spatially, 2. they should have long linear

segments (but these could be pu~re screw, 600, or pure edge), and, most

important, the sense of the Burgers vectors should be known. The latter

condition could not be satisfied by generating dislocations from iniernal

sources which would produce segments of opposite Burgers-vector sense
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in roughly equal lengths. Erarly experiments with crystals pulled in

tension did not produce di acation configurations satisfying any of the

above liszed conditions, even though surface indentations were made on

the crystal after etching and prior 'to pulling in the hope of restricting the

sources of dislocations to the neighbotirhood of these indentations. On the

other hand, very satisfactory dislocation configurations -,-ere produced by

three-point bending of bars at 510 to 520 0C. The bars, were 15 mm long

and 2 5 mm by 4- 0 mm in cross section. The bend axis was parallel to

the side 4-0 mm wide. This axis was the [llz1directior and the specimen

was oriented so that the (I 11) plane made about 500 with the face 4" 0 rnm

wide. After grinding to shape, the bar was carefully chemically

polished. Then surface reflection X-ray topographs were taken to check

that all surface damage had been removed. Just before inserting in the

bending jig, scratches were made with a diamond point parallel to the long

dimension of the bar and along the center lines of the faces which were to

become respectively convex and concave. These scratches then became

the only sources of dislocations in the crystal. After bending, surface

reflection topographs were again taken to find the distribution of dislocation

outcrops. At suitably chosen places slices parallel to active slip-planes

were cut out from the bar. After grinding and polishing to a final thickness

of 80 to 100 microns the slices were surveyed by transmission topography

and the glide dislocation images were studied in detail. It is difficult to

restrict slip to one system only in this method of deforma-ion, but locally

one system would be dominant, and slices could be cut from the bar which

contained a single system only. These slices showed arrays of dislocation,

well spaced apart, with straight segments up to several hundred microns

Iong. These segments were either pure screw or 600 in character. Also,

as was particularly desired, the great majority of dislocations within a

given group had Burgers vectors of the same orientation and sense. Some

of -he diffraction contrast phenomena observed will be described in Section 4.

A full account of this work has been prepared (Hart 1963) and will be

Dublished in due course.

Z S
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2. 4. 3. Heavilv-doDed germanium.

Practical interest in phenomena connected with impurity

distribution in semi-conductor crystals stems from the importance of

producing uniformly highly doped materials such as are required in

,saki diodes. Although the melt may be kept well stirred, it is found

that crystals may take up the doping element in a very non-uniform way.

This happens especially when 'cellular growth' occurs. Further redist-

ribution of impurity may occur behind the solidification front. Occluded

drops of dope-rich material may migrate before solidifying, and

precipitation of segregated impurity may occur in part of the crystal.

The interaction between the grown-in dislocations and the impurity cell

structures. the distribution of stresses and dislocations produced by

precipitates, and the tracks of migrated droplets can all be investigated

by X-ray topography.

Crystals with the following compositions have been studied:
-3

Ge - 10 wt. % In,

Ge + 10 -3wt. Ga,
-3

Ge + 5X 10 wt. % Sb,

Ge - 3X 10- wt. % Sn.

The following effects were observed. The walls of impurity cells

can be detected by diffraction contrast due to the strain gradients

associated with the excess impurity in the walls. In the specimens studied

there was no nucleation of dislocations i. the walls, and comparatively

little interaction between the walls and the grown-in dislocation distribution.

When precipitation had occurred, intense local strain was produced. When

thin specimens were prepared, local lattice rotations near precipitates

of more than one minute of arc were observed. Some precipitates had

punched out prismatic dislocation loops and more complicated dislocation

shapes, in all the < I 0>directions radiating from the precipitate.

Besides diffraction topography, absorption topography was also

applied. In the case of the tin-doped specimen, the extra concentration of

'In in the impurity cell walls could be detected by absorption contrast.

This contrast is greatest when the wall is seen edge-on. Under these
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conditions it is possible to make uai.- estirrates oif "El

concentration of the tin impurity in them, The figure derived was -o

1%, that is about thirty times the average tin concentration in the crystal.

Precipitates more than a few microns in diameter could also be seen

well by absorption contrast. Stereo-pairs of absorption topographs

displayed in a striking manner the distribution of precipitates and

showed their spatial relationship with the impurity cells.

2. 5. Indium Antimonide

2. 5. 1. Determination of the absolute configuration of the structure.

The reasons for undertaking topographic studies of indium

antimonide were threefold. Firstly, like silicon an.d germanium, very

pure specimens could be obtained with very low dislocation density.

Thus the crystals silicon, germanium and indium antimonide, which form

a series of increasing electron density, could be used for studying the

variation in the form of dislocation images with increasing X-ray

structure factor. Secondly, indium antimonide can be plastically deformed

at temperatures as low as about Z00°C. This facilitates experiments in

which small, controlled deformations are introduced. Thirdly, indium

antimonide, unlike silicon and germanium, is a polar structure.

Consequently, the atomic structure at the core of a dislocation will depend

upon the sense of the Burgers vector; and there is the interesting

possibility to be investigated that dislocations of opposite sense exhibit

different glide behaviour.

Experiments concerned with the polarity of the structure will be

discussed first. Consider the iormation of a surface parallel to an octa-

hedral plane in the diamond or InSb structure. If the surface is formed

by cleavage it would be expected to be that which breaks the minimum

number of bonds per unit area. if the surface is formed by solution or

evaporation then it would be expected to be that with the minimum number

of unsatisfied bonds per unit area. In both cases the expected surface is

that which cuts the bonds directed normal to the octahedral surface. The

crystal surface thus formed consists of a double layer of atoms. In the

elements possessing the diamond structure all these atoms are of course

. . . ll l l[ l l [ [
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of tihe same species; but in the case of InSb there are two alternatives,

.... , tat-- either idium or antimony atoms lie uppermost. As a

conseauence, a difference in cheinical reactivity between a (1! 1) surface

and its inverse (111) will be exhibited. This difference can be revealed

by several etchants. It is found, for example, that a CP4 type etch will

produce dislocation etch pits on one octahedral surface of InSb but not on

its inverse. Although differentiation between surfaces indexed as (I 11)

and (11) can be effected quite reliably by etching techniques, the

absolute configuration of the structure, i. e. whether, in the indexing

convention used, the (111) surface exposes indium or antimony atoms,

cannot be determined by etching. This information can be obtained by

X-ray diffraction, using anomalous dispersion. In the present work an

improved anomalous dispersion experiment was performed (Hart 1963)

which established unambiguously the absolute configuration of the

structure in the specimens used relative to their external morphology.

These anomalous dispersion experiments make use of the phase shift

on scattering which occurs when the wavelength of the scattered radiatien

is near an absorption edge of the scattering atom. By choosing a wave-

length for which this phase shift occurs more strongly for one of the atom

species in the InSb structure than for the other, an observable difference

in integrated reflection from (11) and ( 11) faces can be produced. The

sign of the difference can be related directly to the absolute configuration.

In the present experiments radiation produced directly in the X-ray tube

was employed in order to obtain a beam sufficiently strong for reliable

intensity measurements of diffracted beams to be made. Choice of

radiation was restricted to the characteristic radiations of elements w'--ich

could be used as target materials in the demountable X-ray tube. There

were two possibilities, chromium Kai or tin K( 1 . Anomalous dispersion

effects produced by the chromium radiation involve the L electrons in

both indium and antimony, and the resultant effect is smaUl: the ratio of

moduli of structure amplitudes for the 11 and 111 reflections is 0- 96.

With SnKf3 1 radiation, on the other hand, there is a relatively large

difference in the anomalous dispersion effects in indium and antimony. The

wavelength of SnKPIS radiation lies between the K absorption edges of
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indium and antimony. Or. the other hand, SnKaI radiation has a wave-

length longer than the K absorption edges of either element: no phase

shift on scattering is then produced by either atom. Integrated reflection

measurements made with SnKaI can thus be used for standardisation

purposes. The 333 and 333 reflections were compared rather than Ill

and 111 because the contributions of the K electrons are relatively

more important with higher-order reflections. A complication arises

from absorption of the X-ray radiation, particularly of SnKpj, and the

consequent strong dependence of the integrated reflection upon the

obliquity of the prepared crystal face with the Bragg planes reflecting.

Fortunately this affects reflections of SnKac and SnKf3 1 by about the

same amount at a given crystal setting, and obliquity effects can be

substantially eliminated by repeating experiments with the directions of

incident and diffracted rays interchanged with respect to the crystal.

The calculated ratio of structure amplitudes for symrre.tiicai reflection

was 1- 21. The mean of experimental measurements was 1- 18 with an

estimated error of 1 45%. Using the orientation convention introduced by

Dewald, and recommended by Hulme and Mullin (1962), in which the

surface with indium uppermost is called (11I), it was confirmed that

CP4 etch produces dislocation etch pits on the (Il1), antimony face,

but not on the (111), indium face.

The tin target for the demountable X-ray tube- was prepared by

dipping a standard copper target into molten tin. The target face was

then ground until a layer of tin only about 10 microns thick remained.

it was calculated that the total power input into the focal area would have

to be reduced to about 25 watts if the focal area was to be 1,400 microns

by 150 microns and the peak surface temperature was notto exceed 120°C.

This temperature was considered to be the maximum that could be used

to avoid excessive sublimation of the tin. Some change in the configur-

atlon of the electron beam iocussing components was required to produce

roughly the standard fo,.al size with a tube current of only 0- 4mA; but

with this modification it was possible to run the tube continuously at

50kV and 0-4 m-A with no deterioration of the target during the course of
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the experiments.

2. 5. 2. Deformation of indium antimonide

The indiu: intimonide used was grown by a horizontal zone-

melting technique in a sooted silica boat and was Orovided by the Royal

Radar Establishment, Malvern. The technique used for plastic deformation

was similar tc that employed in the case of germanium (see Section 2.4. 2);

but in the case of indium antimonide the peak temperature was only 230 0 C.

As in the case of germanium it was possible to restrict the dislocation

sources to surface scratches introduced before bending, and dislocations

belonging to different slip systems were spatially separated in the plates

cut l-or, the deformed bars. The dislocation images showed significant

differences from those found in germanium: they were generally sharper

and showed more intense positive contrast at the center of the image.

These differences arise because indium antimonide ha:, structure factors

about 50% greater than those of germanium, but only half the absorption

coefficient for MoKa and AgKa radiations.

The dislocations produced had straight segments. though not so

straight as those produced in germanium. Pure screw and 600 dislocations

dominated the dislocation population. It was found that the dislocation

loops generated by the deformation were much more elongated than in the

case of germanium, the pure screw segments being about ten times longer

than the 600 segments. It was hence concluded that in indimn antimonide,

under the conditions of the experiment, 60 dislocations move with about

ten times the speed of pure screw dislocations.

If atomic models of dislocation core structures are constructed

they show that in pure indium antimonide there should be two types of 600

dislocation, depending upon whether the extra hall-plane is terminated by

indium or antimony atoms. Dislocations expected to be of these two types

can be identified on the topographs if both the absolute configuration of

the specimen and the sense of the Burgers vectors is known. Both these

quantities were determined in the experiments here reviewed (Hart 1963).

In the presence of an impurity attracted more to one type of dislocation

than to the other, a difference in glide properties might arise. A survey

-- S.i IJ J I I I i



of the dislocation populations in the deformed specimens was undertaken

to look for such an effect, but within experimental error none was found.

2. 6. Lithium Fluorime

2.6. 1. Orizin of dislocations in lithimm fnr,•e,-,•

The first step required in the investigation of the lattice imper-

fections in lithium fluoride was the development of an appropriate

specimen preparation technique. If a proper study of internal structures

is to be made it is essential that the specimen surfaces be free from

imperfections that would mask the diffraction image from the material

beneath. Scratches and percussion damage, which generate not only

local dense concentrations of dislocations but also appreciable long-range

strains, must be removed by chemical polishing; but after this treatment

there remains the problem of adequate removal of the reaction products,

a matter which involves difficulties with reactive surfaces like those of

lithium fluoride. Very often films of material are left on the surface

which adhere to it strongly and introduce strains clearly visible on the

X-ray topograph. An extreme case may be cited in which a lithiu_,rm

fluoride crystal,initially apparently quite clean and strain-free, developed

in the course of a few weeks a dendritic surface growth which was

optically detectable by its birefringence and was strongly visible on the

X-ray topographs by the strain it produced in the underlying crystal.

Although crystals of lithium fluoride several millimeters thick

are easily penetrated by MoKa and AgKa radiations, it is desirable to

examine specimens not greater than L to 1 mm thick if a clear picture of

the dislocation distribution is to be obtained; and in practice the specimens

used were cleavage plates parallel to { 100) chemically polished to a

thickness of about 0- 3 mm. If the specimen is thicker than this, the

images of dislocations located near the X-ray entrance surface of the

crystal have a pronounced 'tail' which reduces the precision with which they

can be located- (This tail can be seen in the images of some segments of

the 'random' dislocations appearing in Figure 2, following page 33.1 The

three chemical polishes used were, (a) concentrated sulfuric acid, (b)

fluoboric acid, HBF 4 , about 40% concentration, and (c) a weak ammonium

. . .. ..-. . . .. .. . . . . .. - - - - -- - - -



hydroxide solution. Etch (c) was found to be too slow and variable for

convenient use; etch (b) was fast, removing surface material at the rate

of about 30 microns Der minute. but was prone to leave % ctrnins•A .Au-fr~e

layer. Etch (a) was found most convenient for general use. Its average

rate of removal of material was about 7 microns per minute, but this

became much faster as agitation was increased. In order to remove

reaction products, the technique was adopted of quickly rinsing the

crystal in a series of solutions of decreasing concentration of sulfuric

acid. finishing up with pure water at the termination of tne polishing

operation.

Material from several sources was studied. Some specimens had

fairly low dislocation densities but showed relatively poor dislocation

contrast. It was possible to improve the dislocation contrast sometimes

by annealing. The best material, both for low dislocation density and for

good dislocation contrast, was obtained from the University of Aberdeen.

Only minor changes in dislocation configurations were produced by

annealing, even at temperatures up to 600 0 C. Annealing at higher

temperatures usually introduced fresh dislocations due to accidental

deformation. The dislocation population could be divide-d into random

dislocations distributed in sub-grains, and dislocations aligned in low-angle

boundaries. The more perfect the crystals, the sharper was this division.

Dislocation densities in sub-grains varied widely, but there was a general

tendency for a reduced density to be observed within a hundred microns or

so of the low-angle boundaries. The dislocations within the sub-grains

were always markedly curved, though a slight tendency for segments to lie

in (i00>directions was observed. A notable feature in many crystals was

the profusion of large loops, up to 100 microns in diameter. Their orien-

tation varied, and was not confined to the { I 10} slip-planes. Accompan.-ing

the loops, horse-shoe shapes of bowed-out dislocation segments were

present. In regions of low density of dislocations, Burgers vectors of

individual dislocations were easily determined by finding in which reflections

the dislocation image vanished. No evidence was founri for !-clocations

with Burgers vectors other than the expected . (1 10>. Sets of concentric

loops were never observed, and no Frank-Read dislocadtion mills were found.



Dislocation nodes and reactions were rare. Stable pinning points

appeared to be absent, which explains the absence of Frank-Read sources.

The dislocation multiplication that had undoubtedly taken place anered',

to have been all by the process of multiple cross glide, occurring under

conditions when much climb and cross glidewere taking place. In most

specimens the distribution of Burgers vectors among their possible

directions was fairly uniform; but some cases were found when this was

far from so, one or two of the possible directions being strongly dominant.

Further information on the nature and origin of the grown-in dislocation

configuration was gained by examination of a boule about 8 cm in diameter

and 10 cm high grown at the University of Aberdeen. Samples were taken

from various places in the boule and the density and dominant Burgers

vectors in these were compared. The findings were that in most parts of

the crystal the dislocation density and configuration within sub-grains was

determined by the pliastic deformation occurring there as a result of

cooling stresses. The dislocation density on the axis of the boule was

higher than nearer the periphery. This appeared to be due to mutual

interference of dislocations belonging to various slip systems intersecting

near the axis. Near the axis, in the regions of higher density, some re-

arrangement of the sub-grain dislocations had occurred with a tendency to

produce polygonal 'walls' of dislocations. In some places evidence for

sub-grain boundary migration was apparent. The last centimeter or so of

the crystal to solidify had a higher imperfection content; its most striking

feature was a dendritic impurity segregation which was visible both optically

and on the X-ray topographs. Before the horizon at which clearly visible

.;egregation was reached, however, an increasing density of very small

preciLpitates was revealed by diffraction contrast.

A low density of dislocations distributed in sub-grains was generally

found to be associated with a low density of dislocations aligned in low-

angle boundaries, except in cases where the former density was higher

owing to appreciable plastic deformation having taken place late in the

history ofcooling of the crystal, after the network of low-angle boundaries

had become stable. Individual dislocations become resolvable in low-angle

boundaries when their separation is about 3 microns. This corresponds to
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a misorientation across the boundary of about 20" of arc. At all lower

misorientations the individual dislocations can be seen distinctly. At

higher misorientations the low-angle boundary appears as a continuous

band of enhanced diffracted intensity, modulated only by the Pendell'dsung

fringes which correspond to depth contours of the low-angle boundary

surface from the crystal faces. (Pendell'sung fringes are discussed in

Section 3. 1.) However, these larger misorientations can be directly

r:,asured fairly easily by noting the change in setting for peak reflection

when a finely collimated beam is reflected by the sub-grains on either side

of the low-angle boundary. A single such measurement gives only one

component of misorientation, that about the goniometer axis; several

crystal settings must be used to characterise the misorientation fully.

Correspondingly, when the dislocation density in the low-angle boundary is

low, topographs of several different Bragg reflections must be taken in

order to show up all the dislocations in the low-angle boundary and deter-

mine their Burgers vectors. Such analyses have been performed on some

low-angle boundaries and it has been possible to compare the misorientations

calculated from the dislocation structure with that found directly from

angular settings of the goniometer. Satisfactory agreement between the two

measurements was obtained (Martin 1965). The segment of low-angle

boundary shown in Figure 2 is typical of those that have been analysed.

Note that the dislocation alignments are somewhat variable in siensity and

direction; it is necessary to average dislocation spacing over about 20

dislocations to get a reliable figure for density in the boundary. In the

upper part of the field, the dislocation structure is simple, but when the

boundary bends downwards in the right of the Figure, the boundary partakes

more of the character of a crossed grid of dislocations. In this reflection

only one set of dislocations in the grid is visible. Two questions of interest

in the study of low-angle boundaries are, firstly, is the dislocation

structure the simplest that will give the observed rnisorientation; and,

s--condly, is a fixed misorientation strictly conserved along a low-angle

boundary? The answers found were, to the first question, generally 'yes'.

Indeed, there is a marked preference for the simplest structure, the pure

tilt boundary, at any rate among the boundaries whose individual dislocations

- .- 777-7



are well resolved. The answer to the second question is 'no'. When a

given low-angle boundary is examined over a length of up to 1 to 2 mm

it is found that the dislocation density and Burgers vector distribution

will change along the boundary, so that the resultant misorientation will

not remain constant but will gradually change, possible by several

seconds of arc. This implies that the sub-grains on either side of the

low-angle boundary are slightly warped. Such a finding need not cause

surprise. A non-isotropic distribution of Burgers vectors of the dis-

locations within the sub-grains would give rise to an overall warping of

the sub-grain.

Most of the crystals studied were free from diffraction-contrast-

producing precipitates; but in some crystals grown at the University of

Aberdeen such were present at a low concentration in the blik of the

crystal. It is likely that there are precipitates decorating the low-angle

boundaries, but a low density of such precipitates would be difficult to

see directly. However, interesting examples have been found in which a

certain amount of low-angle boundary migration has occurred during and

following the epoch of precipitation. In such cases the low-angle

boundaries have a zone of precipitates extending on one side of them,

indicating the volume which had been swept by the migrating boundary. An

example is shown in Lang 1964c (RlC). This observation proves that the

low-angle boundaries have migrated, and it also gives an indication of the

stage in the history of the specimen when precipitation occurred.

Z. 6. Z. Radiation damage.

A wide range of experiments has been performed involving radiation

damage of lithium fluoride (Lang 1963b, Martin 1965). The damage has

been produced both by X-rays and by thermal neutrons. With both

radiations, the progressive development of damage with increasing dose

has been followed, and the changes produced by annealing in various ways,

after various doses, have been recorded. X-ray damage will be discussed

first. Limited areas of lithium fluoride plates were irradiated at room

temperature by the full radiation from crystallographic X-ray generators,

run at 30kV to 45kV peak. The irradiated area was defined by an aperture
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in a lead or tantalum shield placed close to the specimen. Topographs

were taken before and after various doses. Small doses that produced

a very pale straw colour in the irradiated region caused a faint increase

in diffracting power from the margin of the irradiated area. Higher doses,

which produced a more definite yellow colour in the irradiated area,

produced a more marked enhancement of intensity at the margin of the area,

but still no change in the diffraction contrast within the irradiated area.

The colour, and the enhanced diffraction from the margins, could be

completely removed by annealing for 2 hours at 4300 C. A notable feature

of this enhancement around the boundary of the irradiated area is that the

intensity is a maximum when the normal to the Bragg plane (i. e. the

diffraction vector) makes a large angle with the periphery of the

irradiated area, and is zero when it is parallel to the periphery. This

relationship was tested with apertures of various shapes. Now diffraction

contrast is produced by a strain gradient within the triangular region

enclosed between the paths of incident and diffracted rays which leave the

point of incidence of the X-ray beam on the crystal su'face facing the.

X-ray tube. It appears that at low doses of X-radiation the irradiated

volume expands isotropically, long-range order is maintained, and dis-

location contrast remains good. Only at the margins of the irradiated

volume, where the expanded crystal is constrained to match the unchanged

surrounding crystal, is diffraction contrast produced by the strain

gradient locally present. It is estimated that strain gradients as low as

10-3 to 10-4 per cm can be detected by diffraction contrast.

A marked change in the X-ray diffracting properties of the whole

irradiated region is produced when Lie dose is raised sufficiently to turn

the crystal a deep brown. This dose was achieved by irradiation for 160

hours with a peak voltage of 45kV, a tube current of 18 n-mA, and the

specimen placed about 5 cm from the X-ray tube focus. The irradiated

area now diffracted strongly, behaving more like an imperfect crystal,

and diffraction contrast from individual dislocations was largely lost. An

anneal at 450°C for two hours restored the dislocation diffraction contrast,

though some overall intensity enhancement remained. The very strong

intensity enhancement at the margins of the irradiated area was still quite
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strong after this anneal. A further anneal at 780 0 C removed the enhance-

ment at the margins completely, but it also caused a re-arrangement of

the disiocations within sub-grains, in irradiated and non-irradiated

reglois alike.

The findings resulting from the experiments involving neutron

irradiation of lithium fluoride can briefly be summarised as follows.

Crystals irradiated with 1016 nvt showed comparatively little change in

crystal perfection after irradiation provided that they were examined by

symmetrical transmission, i. e. with the Bragg planes normal to the

specimen plate. When asymmetric transmission was used, the entire

topograph showed enhanced diffracted intensity and the contrast of luw-

angle boundaries and individual dislocations was much reduced. This

curious phenomenon was interpreted as being due to a gradient of inter-

planar spacing in a direction normal to the crystal surface, in its surface

layers. Such a gradient would have no component to disturb the regular

lattice periodicity in symmetrical transmission, but would have so in

asymmetric transmission. Loss of helium and/or fluorine from surface

layers may be the cause of the gradient.

Specimens irradiated with 1017 nvt still gave quite fair dislocation

contrast in symmr-etrical trdnsrmission although the diffracted intensity

from dislocation-free parts of the crystal was several times higher than in

the unirradiated material. The angular range of reflection was signifi cantly

broadened: the reflection curve had developed marked 'tails'. At doses
17

above 10 nvt a drastic decrease in lattice perfection is suffered, the integ-

rated intensity rises to a high value and the reflection curve is so

broadened that the aI and a, components of the Ka doublet can no longer be

resolved. At this and all higher doses the crystal has become effectively

completely imperfect as regards diffraction behaviour. An annealing

sufficient to produce bleaching does not restore dislocation contrast. Not

much improvement in the long-range lattice perfection occurs until a
0 17

temperature of about 700 C is reached. Specimens irradiated to 5 X 10 nvt

and 10 18nvt were given anneals at temperatures such as 750 and 775°C for

24 hours and then slowly cooled. They then contained a high density of

. ........
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cavities with cube surfaces. A considerable redistribution of the dis-

locations had occurred. In specimens which had been irradiated to
17

5 X 10 nvt the cavities were especially dense in the low-angle boundaries

revealed by X-ray topography, but those irradiated to 10 18nvt contained a

uniform distribution of cavities with no preferential concentration of them

on low-angle boundaries. The X-ray topographs show that there is

definitely no long-range strain associated with the cavities in the annealed

crystals. A careful comparison of dislocation positions mapped by X-ray

topography with cavity pos i tions mapped by optical microscopy showed

that there was no demonstrable tendency for cavities to be located on

dislocation lines.

2. 7. Magnesium Oxide.

Magnesium oxide crystals from three sources have been studied:

1, crystals grown from the melt in an arc furnace in H. H. Wills Physics

Laboratory, Z, crystals, some colourless, some slightly yellow, grown

by the Norton Company, Worcester, Massachusetts, and 3, crystals

obtained from Semi-Elements Inc., Saxonburg, Pennsylvania. The

crystals grown in this laboratory showed a moderate dislocation density.
5 z

about 10 lines per cm , but dislocation contrast was rather po-or, and

there was evidence for the presence of a fair amount of precipitation. The

Norton crystals exhibited on the whole a much higher lattice perfection.

Some specimens possessed large sub-grains with a very low dislocation

density within them. A notable feature of the better Norton crystals was

the polygonal arrangement of walls of dislocations within the sub-grains.

The walls divided the sub-grains into cells almost "i-e of dislocations.

Indeed, some of these cells, virtually dislocation-free, were several

hundred microns in diameter. The mutual misorientation of cells within a

sub-grain was of the order of one second of arc. Typical misorientations

between sub-grains were i to 2 minutes of arc. Some low-angle boundaries

with a misorientation of several minutes were present. Within the sub-

grains the dislocation contrast was high and no precipitates were evident.

However, even in the .-est Norton crystals, the low-angle boundaries were

found to be decorated with impurities. In less perfect Norton crystals

many dislocation loops 10 to 50 microns in diameter were present,

96 7- A -
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together with some well-developed helical dislocations.

The most extensive study was pInerfformed n sonMc peculiar

crystal3 obtained from Semi-Elements Inc. This work was done 4n

collaboration with the Metallurgy Division, Atomic Energy Research

Establishmert. Harwell, and an account of it has been published (Lang

and Miles i965, R16). A complete topographic survey and a detailed

Burgers vector analysis was made of a specimen of magnesium oxide

which was one of a batch which exhibit strings of small light-scattering

bodies when examined under the microscope. Ultramicrographs and

X-ray topographs together confirm that the light-scattering bodies are

decorating dislocations. All dislocations were found to be thus decorated

and hence no dislocation movement had occurred, or fresh dislocations

been introduced, following the epoch of decoration. In this specimen the

average sub-grain size was quite large, an average diameter being about

2 mm, and the angle between sub-grains was quite low, of the order of

ten seconds of arc. The numberof dislocations within the sub-grains was

quite low. but the total length of dislocation line was considerable

because this crystal showed in an extreme form the phenomenon of

extension of dislocation-line length through dislocation climb, an example

of this process being the changing of straight dislocations into helices. A

notable feature of the dislocation geometry was that these line extensions

were nearly confined in a plane, so that the dislocation was looped back

and forth many times. Considerable effort was made to try and determine

the sense as well as direction of the Burgers vectors, since this would

show whether cli31.b had occurred through the absorption of interstitials or

of vacancies. Unfortunately, experimental conditions militated against

this determination, and the diffraction evidence was ince.nclusive. However,

it w:.s possible through the X-ray topographic analyses to decipher some

of the history of the development of this unusual dislocation configuration.

2.8. Aluminum

X-ray topographic studies of single cr-stals of aluminum have been

conducted intermittently over a period of several years. The crystals

mest studied were prepared by the strain-anneal method. Details of their

- -.- . a
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preparation. and the chief results of the investigation, have now been

reported (Authier, Rogers and Lang 1965, R18). Also studied were

crystals grown directly from the melt in a graphite-coated quartz boat

held in a travelling furnace. The melt-grown crystals were found to

have dislocation densities at best only locally as low as 104 lines per cm

However. it appears from recent work that, with a sufficiently careful

technique. melt-grown crystals can be prepared with dislocation densities

as low as those achieved in strain-anneal grown crystals. Revelation of

the very low densities present in some parts of the latter crystals (for
2

dens!ties as low as a few tens per cm were discovered) was a striking

d out •mne of the X-ray topographic investigation.

A difficulty accompanying work with very pure aluminu,-r, is its

extreme softness and liability to accidental deformation. Many cases were

observed in which many dislocations had invaded a volume originally

containing but a few. for only a very small stress was required to produce

s a catastrophic multiplication of dislocations. Sequences of topograpins

taken before and after slight deformations were of interest in showing how

the fresh dislocations spread through the crystal and interacted with the

e pre-existing dislocation configuration. The feasibility of performing

mnve.tzgations of this movement under deliberately produced stresses was

demonstrated. but for the purpose of investigaring the grown-in dislocations

such movements had to be prevented, and special techniques for specimen

te handhng and mounting were developed with this end in view.

The risk of gross mechanical deformation of the specimen is

lessened when the specimen is relatively thick: in the investigation

specimens I to 1 mm thick were used. In order to penetrate such4
rer, thick specimens without undue loss of X-ray intensity by absorption it was

necessary to employ Ag Ka radiation. For the better resolution of details

of the dislocation structure it would have been desirable to use a soft

radiation such as CuKa (this follows from the discussion given in Section

n 1. 3. 3. ). and it is hoped to perform such experiments in due courfe.

However. the main features of the dislocation configuration were well

displayed by the topographs taken with Ag Ka radiation. The Burgers



-85-

vectors of dislocations were unambiguously determined; the condition for

dislocation invisibili•y, that g. b = 0, applies well under the conditions

of low absorption with aluminum specimens and Ag Ka radiation (g is the

diffraction vector, b is the dislocation Burgers vector). Stereo-pairs

and section topographs enabled the spatial configuration of the dislocations

to be clearly seen. Two noteworthy results of the investigation were the

following. Firstly, a dominant feature of the dislocation configuration is

the occurrence of long lines of coaxial loops. The axes of the loops all

lie exactly along <110>directions and the Burgers vectors of the loop

dislocations lie parallel to the loop axis. Thus they are prismatic loops.

Loop diameter ranges upwards from 1 micron (the threshold of

visibility) to about 50 microns. Figures-of-eight and helices also occur.

As many as 40 loops have been counted on a single axis, and the total

length of the axis can be more than a millimeter. Several possible

origin.- for these loops were investigated. It was concluded that they could

satisfactorily be accounted for by the climb of screw segments into helices

through absorption of vacancies, and the subsequent interaction of the

helix with itself or with a neighbouring dislocation to convert the helix

into a set of coaxial loops. These sets of loops, so it was concluded,

revealed the position of long, straightscrew segments of dislocations

which had constituted a major component of the dislocation population

grown into the crystal at the recrystallisation front.

The second major observation was that in unstrained specimens

there was an extremely low dislocation density within 200 to 300 microns

of the crystal surface. This was attributed to loss of dislocations at the

crystal surface during annealing, the loss having occurred chiefly at the

highest -emperatures (500 to 550°C) at which the specimen was held. The

configuration adopted by the few remaining dislocations in this surface

layer supported the explanation of the low density as being due to loss from

the surface. This finding has obvious relevance to the problem of producing

aluminum crystals with very low dislocation density. It also affords a

clear demonstra-ion that only be X-ray topography, using specimens about

I mm thick, can a fair picture of the dislocation configuration in the bulk

material be obtained, in the case of pure aluminum.
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_?9 T or,,nd,_'rn_ andI .Riuy.

Pure single crystals of corundum, a-At. 0 are colourless.

Addition of CrZ03 impurity imparts a red colour, and the crystal becomes

a ruby. Single crystals of a-A-C0 3 grown by three methods have been

studied: (a) 'flame-grown' crystals, i.e. crystals grown by the Verneuil

process. (b) crystals grown from the vapour, and (c) flux-grown,

chromium-doped crystals. Findings concerning these will be discussed in

the above order.

The crystals grown by the Verneuil process were examined in the

forni of d;scs about !cm in diameter and I to 1 mm thick. They exhibited

a cons.derable degree of lattice imperfection. Not only were low-angle

bouidaries with angles of several tenths of a degree present, but within

each sub-erain the lattice was wavy with misorientations ranging up to

about d tenth of a degree. Bands of more imperfect and misoriented

d material appeared to have resulted from the annealing of slip bands. The

dislocation density was of the order of 106 lines per cm and individual

dislocations were resolved with difficulty locally in section topogriaphs and

limited projection topographs.

Crystals grown from the vapour were relatively perfect. The dis-

location density was quite low. Localised diffraction contrast was produced

by inclusions, and evidence of variations of impurity content was presented

by strain concentrated in layers parallel to the gro-,th layers of the crystals.

The flux-grown crystals, which were chromium doped and ruby-

coloured to various depths, covered a range of lattice perfection. The

imperfettion present. together with its variation from point-to-point

within a given crystal, and as between difterent ;rytalas, appeared to arise

mainly from strain due to non-uniform incorpnration of impurity during

growth. On the topographs there appeared lines of enhanced diffracting

power of two types. One type was clearly d-ue to dis•ocations, present
Lg singly or in bundles. The visibility of individuals was low; bundles of

dislocatons appeared as a mass of faint, wispy lines. More clearly

visible vxeze lines of imperfections running parallel to growth steps on the

c rystal surface, and others trending in the same directions and doubtless
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representing buried growtd- steps. An indication of the nature of the

latter type cf line "as ob,,taj, - by -icroi-adiography o- crystals grown
from a lead-contai ni'g ft".. The go-,- ý,rreiation between lines of

strain Seen or. the diffracti'n top:graphs and lines of occluded lead-rich

mate'iPl revealed by th~e iaicroradiographs showed that incorporation of

flux const'tuents had taken place on an appreciable scale. It appeared

that flux constituents had piled up in front of advancing growth layers

unt.l a whole line of such impurity was overwhelmed by the growing

material and was incorporated into the crystal.

A phenomenon of interest observed in some of the more perfect

flux-grown platelets was repeated sectorial twinniag. The plateiets

were parallel to the basal plane ((0001) in hexagonal Miller-Bravais

indices). in one case a platelet was divided into six 60 sectors, adjacent

sectors being twinned with respect to each other; and in another case the

plat-ýlet was divided into four 90 sectors, with a similar twin relationship.

X-ray topegraphs were taken in which the whole crystal was able to

satisfy the Bragg condition, and also in which one or other only of the sets

of twins was Bragg-reflecting. In this way the structure of the twin

boundaries cotld be studied. They appeared to be relatively perfect, and

they did not show st.cking-fault-type fringe contrast.

2. 10. Quar'z

2. 10. L. Defects in oscillator,-rade quartz.

Experience accum-Ilated from the examination of many speci-nens

suggests that when a crystal of alpha quartz appears by the standard methods

of visual examination to be of sufficiently higui quality for use in the manu-

facture of oscillator plates then X-ray t-opogra.phy will show that the bulk of

it has a highly perfect lattice; and that in such specimens individual

defects such as inclusions, dislocations, and twin boundaries will be

resolvable easily and visible with strong diffraction contrast. It follows

that high-quahlty quartz is excellent specimen material for use in studying

the diffraction effects of individual lattice imperfections in nearly perfect

crysta!s. Added interest, but also increased difficulty of interpretation,

arises from the fact that quartz can contain a variety of lattice defects not

. --
.
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present in the simple crystals with the diamond structure which also are

available in a highly perfect state.

The variety of lattice defects in quartz which has been observed,

and studied withvarying degrees of thoroughness. includes (a) individual

dislocations, (b) growth stratifications, (c) inclusions and precipitates,

(d) twin boundaries and (e) fault Surfaces other than twin boundaries and

growth stratifications. These will now be discussed in the order in which

they are listed above The accounts presented will be qualitative only,

and will not attempt to recite the mass of experimental evidence

accumulated. The analysis of this evidence is in most cases stiil in

progress, and in some problems there still remain gaps in the evidence

waiting to be filled. Where crystallographic description of planes, zones,

etc. is required, it will be given by reference to hexagonal axes, and the

full Miller-Bravais indices will be quoted. It is necessary to bear in

mind that some confusion has reigned concerning the orientation of the

Milier-Bravais axes of alpha quartz. The history of this con-fusion, and

recommendations for correct practice in notation have been given by Lang

(1965b). All that ne.:d be here said is that :ndices of the major rhc-a-

bohedron of quartz. r, are the form { I164 , and of the minor rhombo-

hedron. z. are {0lil)

Quartz specimens have been examined in the shape of ground,

polished and etched plates, ranging in area from 10 mm square to Z0 mm

square and in thickness from 0- 3 mm to 1- 5 mm. Plate orientations
roughly or prec isely parallel to the AT and BT osciUator plate cuts were

generally used: the AT cut is 30 off a minor rhombohedral plane and the BT

is 110 off a maior rhombohedral.

Dislocations. Grown-in dislocations in quartz may be :clean' or

'dirty'. The dirty dislocations are those obviously decorated by precipi-

tation of impurity. The decoration may so modify the strain-field of the

dislocation as to make inapplicable the usual rules for variation of dis-

location visibility with angle between diffraction vector and Burgers vector.

Sometimes exceptionally strong diffraction contrast arises from the strain

in the quartz matrix produced by precipitates on the dislocations. Of

i - • ~ - -u • = n -



special interest are dislocatic.-as which are only obviously dccorated along

pr...f thecir iength. and in which the precipitated phase is visiblI

opttcllv i can then be demonstrated that the 'needles' familiar in

optical examination of quartz are decorated dislocations. it has also

been demonstrated that the etch tubes familiar in studies of the etching0

behaviour of quartz are loca:ed on dislocations both clean and dirty.

Clean dislocations are defined as those whose visibility rules are not

manifestly modified by strains introduced by precipitat.ion. and upon

which precipitates cannot be detected by any optical technique This does

not iniply that the dislocation is free fromn impurity on an atomic scale.

it is unlik-ely to be so clean. ')islocations are sometimes quite strai-ht.

sometimes they appear as long helices- and somnetimes they are coiled in

a very irregula-r fashion. Coiled dis!acations are generally dirty. Clean.

straielit dislocations are chosen for study in experiments Eo determ ine

Burgers vectors Many top~ograph~s m ust be compared in order to deter-

mine the Burgers vectors with certaint-.. The most common Burgers

vector is in the direction of one of the translation vectors in the basal

Wlane- it can be assumed that its magnitude is equal to the unit trans-

lation. a. and is equal to 4' 91A. A minority of dislocations have a

Burgers vector with a component parallel to the c-axis: they- appear to

have Burgers ve-ctor equal to the vector sum (a :-c). 7- 3A.

Growth stratifications. In comm-on w-ith many crystals. cuartz

exhibits bands o! increased diffracting power in layers lying in surfaces

which o-ýL were the external faces of the crystal at some stage in its

growth. in sonne spzcimnens such layers may be traced across more than.

one o'owth sector. say from a ma~or rhormbohedral growth sector. round

the sect or bouindary. into a mninor rhom-nohedral grawth sector- AT a

secti1on o1f the vntire sznecimnen could be examined. it is likely that a ~vi

laver could be traced comnplh-tely round the crystal. covering allgown

iaces. Thest layers form a valuable record of the groweth history. te

a: 1.Show. for examn-le. how the relative development and relative rates

I Orowt:h of ine -varlous factfs varied durint thr development of the-

LrystaI. The identity :.>. tihe impurities whose incorporation led to the.

c:hai:e :n tell dimen~sions which p~roduced the strain-gradient wthith in
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turn produced the diffraction contrast cannot be established by X-ray

topography. Possibly electron-probe X-ray spectrographic micro-

analysis might achieve ideatification. Some specimens are comnpletely

filled by growth stratifications, in others only a few discrete horizons

are thus marked. In a region where no stratifications are visible in

strong, low-order Bragg reflections, they may become visible in weak,

high-order reflections. This results from the greater sensitivity of

weak reflections to the 'interbranch scattering' which causes enhanced

diffracted intensity in the low-absorption case (see Section 4). If at a

particular horizon a strain gradient both strong and localised is present,

strong interbranch scattering occurs a! this horizon. Stacking-fault-type

fringes are then produced which run as thickness contours in the wedge-

shaped volume between the surfaces of the specimen plate and the growth

horizon where the scattering has occurred. Careful observation is

necessary to distinguish between a set of such fringes due to scattering

at a single horizon, and the individual images of a set oi regularly spaced

growth horizons revealed by weak interbranch scattering. - ven when the

associated strain gradients are too low to produce increased diffracted

intensity through interbranch scattering, growth stratifications may still
'I

be detected by the bending of Pendellosung fringes they produce in the

section-topograph PendeHl'sung fringe pattern (this phenomenon also is

discussed in Section 4). When regularly spaced growth stratifications

occur throughou: an appreciable volume of crystal they indicate a rhythm

-i-- the rate of growth. It is tempting to speculate that this rhythm may be

a w,.idespread. natural one, such as triat due to earth tides.

Inclusions and precipitates. All the dislocations which originate in

the crystal volume contained in the specimen plates examined by X-ray

topography are observed to oricginate from lattice closure errors at

inclusions incorporated during growth-. R is likely that the great majority

of disloca-ions founrd rur-ning t-rough specimen plates, and whose point of

oregin is remote from the specimen examined, originated in this manner;

-:h-i;gh it should be noted. however, that an association of dis'ocation

groups with the ooci of junctivns of fault surfaces such as those diicu~sed

below may indicate a more comnplex origin for some dislocations. On the

- ~ J~ ~ -.
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other hand, not all inclusions which make themselves visible by their

strain fieldas do generate dislocations. Quartz is similar to diamond in

this latter re--ct. A-- interesting case has been found in 'hich certain

growth horizons are marked by a relatively high incidence of inclusions

only a minority of which produce bundles of dislocations that stretch out

from the inclusion in the direction of advance of the growth surface. No

case of the punching-out of dislocation loops by precipitates has been

observed so far. Strong precipitation on the grown-in dislocations, with

absence of detectable precipitates in dislocation-free regions~is a frequent

occurrence.

Twin boundaries. The commonly observed twin boundaries in quartz

are those separating twins which have been generated by the Dauphine or

Brazil Laws. The Dauphine Law is a rotation of 1800 about the c-axis:

this reverses the piezoelectric polarity and is 'electric twinning'. The

Brazil Law is a reflection in fi10J , i-.e. in prism planes of Type I.

This also changes t'he piezoelectric properties, and by changing the

structural hand, the sense of optical rotation is ,lso changed, and 'optical

twinning' is produced. As long as Friedel's Law is obeyed (i. e. equal

diffracted intensity from reflections hkt and hk ), equ.-l diffracted

intensity will be produced by crystal volumes on either side of a Brazil

twin boundary. The boundary itself is detectable on X-ray topographs

because oi the difference in phase of the amplitude of the diffracted waves

produced by crystal on either side of the boundary. This phase jump may

arise in part from an anomalous interplanar spacing at the boundary due to

the abnormal crystal structure there, and in part from the reversal of

phase reesulting from the twinning operation of reflection performed on the

non-centrosyrnmetric quartz structure. The latter ce.r.ribution to the

phase jump can be calculated from the k-ncwn structure of quartz. u-sing the

famiiiar structure factor expression employed in X-ray structure analysis.

The former contribution to the total phase j-.ump, that due to the anomalous

spacing, should then- be deterzinable. within certain experimental limits

and subject to the usual ambiguity of addition or subtraction of 2nz. The

deter.--inatjon can be made from stvdies of the variation of diffraction

contrast oi t-e bou-iarfy !M- different Bragg reflections. The type of
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diffraction contrast produced by the boundary as that of the stacking-

fault fringe pattern. If in any reflection the fringe system is vanishingly

weak then the total phase jump for that reflection is + Znnr (n being an

integer or zero). In the case of Dauphine' twin boundaries, fringe

systems also appear at the boundary, but there may also be large

differences in intensity of reflection from the crystal volumes on either

side of the boundary, and dtese occur under the usual conditions when

Friedel's Law is obeyed. They arise because the reflections hkit and

h.it, which are produced respectively by the two volumes related by the

Dauphine' Law, may have quite different structure factor rnoduli, although

their interplanar spacings (and hence Bragg angles) are the same. An

extreme difference occurs with the pair of reflections 3031 (very strong)

and 3031 (very weak). Topographs taken with these two reflections may

be used to detect small volumes of Dauphine-twinned material. To

produce a difference in diffracted intensity from crystal volumes on

either side of a Brazil twin boundary, on the other hand, requires con-

ditions under which Friedel's Law no longer applies. Such conditions can

be achieved through anomalous dispersion, in the case of certain pairs of

reflections; and if CrKa radiation is used the intensity difference may be

quite easily detectable. The delineation of both Brazil and Dauphine'

twinning by topographically recording different diffracted intensities from

each member of the twin pair has been demonstrated by Lang (1965c).

However, for the purpose of studying the phase jump and the topography of

the composition surface at Dauphine twin boundaries it is desirable to use

reflections which produce equal diffracted intensities from crystal on

either side of the twin boundary.

It is known that traces of Brazil twin boundaries revealed on

crystal surfaces are usually straight, whereas those of Dauphine

boundaries are irregularly curved. This macroscopic difference has been

confirmed by X-ray topography. Projection topographs show that Brazil

twin boundaries may be flat and oriented parallel to low-index lattice

planes such as the major and minor rhombohedral planes. If steps on a

fire scale are distributed over Brazil twin boundaries then they occur on
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a smaller scale than can be resolved by X-ray topography (less than

about a micron in height). In the case of Dauphine twin boundaries the

situation is quite diffe rent. The X-ray topographs have revealed that

Dauphine twin boundaries lying in certain mean orientations are stepped

on a fine scale, down to the topographic resolution limit. This fine

structure is not described in the standard works of reference. Indeed,

twin boundary steps on the scale of a few rnicrons would escape notice in

the usual method of delineating twin boundaries by etching crystal surfaces.

Regarding the phase jumps at twin boundaries, only a limited

amount of data has so far been acquired. It has been found that the phase

jumps evident in a given Bragg reflection depend upon the orientation of

the twin boundary, in the case of both Brazil and Dauphine twinning. In

the latter twinning, the dependence of phase jump upon local boundary

orientation is strikingly manifested. For example in a stepped Dauphine

twin boundary, diffraction contrast from one of the step surfaces may be

strong and from the other be zero, in a given Bragg reflection. In the

reflections from the basal plane, reflections 0003 and 0006, diffraction

contrast from Dauphine' twin boundaries in all orientations is very weak or

zero.

Other fault surfaces. The most surprising discovery accruing from

X-ray topographic studies of good quality quartz crystals has been the

prevalance of well-dcfined fault surfaces giving stacking-fault-type fringe

contrast, such fault surfaces separating crystal volumes which are

apparently highly perfect and which maintain parallel orientation with each

other. The best developed fringe patterns are often exhibited by fault

surfaces whose nature is at present little understood, for the surfaces now

under discussion are not in general parallel to growth horizons. Neither

are they identifiable as twin boundaries, though the possibility exists that

some of them may be boundaries of thin twin lamellae. The unexplained

fault surfaces may be flat or they may be irregular. The flat surfaces do

not necessarily coincide with low-index planes; indeed, some flat surfaces

are describable only by high indices. Some fault surfaces do have a simple

topographic rationale: they lie in the boundaries of growth sectors (such as

the boundaries between major and minor rhombohedral growth sectors,

- -~ -or-
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for example). These sector-boundary fault surfaces appear in crystals

which also show growth stratifications, it may be that they develop only

above a certain impurity concentration. Another type of fault surface is

also topographically understandable. These occur in synthe-t:c quartz

crystals and are found in material which has grown on a surface roughly

parallel to the basal plane. (0001). They are associated with the mode of

cellular growth on basal planes that gives rise to the rough external

crystal surface known as the 'cobble' texture. Combined optical and

X-ray topographic examination has sho-vn that the fault surfaces lie in the

boundaries between growth cells, and they consequently outcrop at the

external surface at the grooves between cobbles. Since it is known that

the degree of development of the cobble structure is proportional to the

amount of aluminum impurity present, it is reasonable to suppose that the

anomalous interplanar spacings that produce the fault surfaces in the cell

boundaries are due to a locai high concentration of the aluminum impurity

The relationship between these fault surfaces and the grown-in dislocation

population has been studied: there is a tendency for dislocations to lie in.

or close to. the fault surfaces.

Among the fault surfaces whose significance is not readily revealed

by their topology on the topographs, several types may be distinguished.

A rough division may be made into 'strong' and 'weak' sx:rfaces. The

strong surfaces give rise to an excess diffracted intensity in addition to

that pertaining to the fringe system. This excess appears due to lattice

curvature where the fault surface outcrops the surfaces of the specimen

plate. Such curvature arises from the relief of stress in the fault surface

At the other extreme, the most 'weak' surfaces are those that are revealed

only in high-order Bragg reflections. Another division may be made into

those fault surfaces which may be revealed by etching and those that cannot.

Some strong fault-surfaces are very rapidly etched out by both hydrofluoric

acid and by strong alkali. Occasionally these strong. easily etched fault

surfaces are visible optically as a faint film. A possible explanation of

the fault surfaces in natural quartz that are not sector boundaries is that

they mark boundaries of parallel crystal growths that have become

included in the main crystal.

- 3~-TPN-
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2. 10. 2. Amethyst quartz.

Alpha quartz is generally classed as amethyst on the basis of its

colour, though this can range .hrough quite a variety of tints, from a

deep to a pale violet, or from a 'pure' violet to a reddish or brownish

violet. Only rarely do large volumes of crystal exhibit a uniform tint, and

it is common to find the coloration concentrated in bands parallel to tUe

major and minor rhombohedral faces. These bands correspond to growth

layers, and, as such, their distribution is generally similar to the growth

stratifications that are found in good-quality quartz by X-ray topography

(described above in Section 2. 10. 1). or which can sometimes be revealed

by selective c'ý,k.ration after irradiation. A characteristic feature of

amethyst coloration is its concentration in certain growth sectors.

Coni-nonlv it is more intense in the major rhombohedral growth sectors

But the m-ost remarkable property of amethyst is the occurrence in many

specimens of regularly repeated Brazil twinning in the major rhombo-

hedral growth sectors. This was first described by David Brewster in

1819, whose vaper and drawings on the subject (published in 1823) remain

to this day the best description of the phenomenon. The width of the twins

ranges typically from about 50 microns to a few tenths of a millimeter.

This polysynthetic twinning is also found in crystals which do not have the

characteristic amethyst colour. Its manifestatio-i both visually and in X-ray

topographic examination does not appear to depend upon the colour of the

crystal. An optical, X-ray topographic and microradiographic study was

made on a basal-plane slice of crystal containing the amethyst structure of

repeated twinning in the major rhombohedron grawth sectors. The crystal

was in fact colorless, and may have been a bleac.hed amethyst. The

results of this study have been published (Schl'o*sin and Lang 1965, R14). A

few remarks may be added here to supplement that paper, taking into

account additional, more recent observations. It is notable that amethyst

quartz, inspite of a high dislocation density and a relatively high impurity

content, maintains excellent long-range parallelism of its crystal lattice.

Direct measurement of angular settings for peak Bragg reflection across

crystal sections up to 2cm in diameter, and, more sensitively, the

observed straightness of Aufhellungen over these distances (see Scction 3. 2)

ma
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demonstrate that misorientations in these crystals do not exceed a

second or so of arc. In comparison with oscillator-grade quartz the

visibility ol individual dislocations is poor unless they are strongly

decorated. This poor visibility of individuals, combined with the

relatively high dislocation density, rendered it not feasible to attempt

Burgers vector determination of individual dislocations. Where Brazil

twin boundaries occur singly, as in the minor rhombohedral growth

sectors, they can be detected topographically but do not show the fault-

surface fringe pattern that they do in good crystals. In some of the more

perfect parts of amethyst cryetals (i. e. in parts of minor rhombohedral

growth sectors) weak Pendell'--sung fringes may be seen.

Once again, as in the studies of synthetic diamond (Section 2. Z.),

and of ruby (Section 2. 9.), microradiography has proved an informative

companion technique to diffraction topography. The excess concentration

of iron impurity in the major rhombohedral growth sectors was demon-

strated, and, within the latter sectors, its concentration in the imperfect

lamellae featured in the diffraction topographs was also revealed.

The fine details of the X-ray diffraction contrast associated with

the twin lamellae in the major rhombohedral growth sectors is best

interpreted as being due to a rather high density of decorated dislocations.

The degree of decoration depends upon the distance from the twin boundary.

The diffraction contrast is most intense in the general vicinity of the twin

boundaries, but examples have been found where the diffraction contrast

has a bimodal distribution with its central minimum located just at the

boundary (as far as can be determined with a resolution of a few rn-icrons).

The lines best described as 'brush marks', which are strongly belie-red to

be decorated dislocations, take a sinuous course passing through the twin

lamellae. Their orientation is determined both by their location in the

growth sector aLd by the order of change of hand at the twin boundary

(i. e. dextro to laevo, or vice versa).

The evolution of the system of polysynthetic twinning during the

growth history of the crystal may be divided for convenience into the

'juvenile', 'mature', and 'senile' stages. It is in tie mature stage that
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the structure is most beautifully developed. Then the twin boundaries

depart little from the [0001] zone and are most easily stuoied bothi

optically and X-ray topographically. Polysyntheticly twinned amethyst

crystals are often terminated by a cap of normal untwinned growth

which may be colorless. A change to such a mode of growth. which may

invade the growing surfaces irregularly, together with the decay of the

regular twinning system, is characteristic of the senile stage. rhere

is reason to believe that the juvenile stage is relatively brief compared

with the mature stage; its details have not yet been studied by X-ray

topography.

2. 11. Organic Crystals.

The X-ray topographic experiments that have been performed so

far on organic crystals do not amount to more than a preliminary

reconnaissance of the field, but they have provided pointers to a likely

profitable area for future X-ray topographic activity. Two out of the three

crystal species examined were found to produce specimc-ns in which at

least some parts of the crystal had quite pe:-fect lattices so that strong

diffraction contrast was produced from groups of dislocations and other

localised centers of strain. This observation is of interest in showing

that crystals composed of large molecules can be free of lattice defects

just as simple structures and crystals of the elements can be. The low

absorption of X-rays is one feature that makes organic crystals convenient

for topographic study, but this advantage is offset by several difficulties.

The extreme softness of organic crystals makes them greatly prone to

deformation, and they are difficult to mount rigidly for examination wzthout

deforming them by the adhesion of wax or cement. In addition. their large

coefficients of thermal expansion increase the probability of drift off the

angular setting for peak reflection during exposure. Most organic crystals

deteriorate under X-irradiation, but it has not yet been determined how

long such crystals will maintain their lattice perfection under the relatively

1,w radiation level involved in X-ray topography. The fact that good

topographs have been obtained is encouraging. Another difficulty with

organic crystals is their generally low values of integrated reflection
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compared with those given by the simplest structures. Not only does

this weak reflecting power require long exposure limes. but it also ,leans

that images of individual dislocations are very wide and hence Cbe topo-

graphic resolving power for separating dislocation images is poor. (This

inverse relationship between strength of reflection and width of dislocation

imnages is discussed in Section 4. 2).

The iirst organic material studied was a very large single crystal

of sucrose. It measured 30 mm X 20 mm X 10 _mm and was exanuned in

transmission through its 10 mm thickness using AgKa radiatioi. St-ong

diffraction contrast was observed from lineage structures, but it was not

possible to resolve individual dislocations. Some interesting growth

features were seen; for example, in one part of the crystal there appeared

a discontinuity in texture at a certain growth horizon following which a

columnar texture developed.

The second organic material studied was the high-expiosive RDX

(Cyclotrimethylenetrinitramine). Many crystals were studied one to two

millimeters in diameter. In the better specimens a pattern of linear

defects radiating from the center of the crystal was observed. These

were interpreted as grown-in dislocations radiating from the crystal

nucleus. The dislocation pattern was very similar to that exhibited by

many diamonds. In fact topographs of RDX could well have been taken for

those of not very perfect natural diamonds. The interpretation of the

linear defects as dislocations was reinfo" ced by an examination of the fine

structure of the dislocatin- imrages. In both projection topographs and

section topographs they were found to have the double-peak profile

"evident under certain diffraction conditions in dislocation images in diamond,

silicon and other simple structures. The whole dislocation image intensity

profile will be wider, and hence its double peak more easily resolved, in

reflections whose structure factor is small, such as the reflections from
'I

RDX. Dynamical diffraction effects such as Pendellosung fringes, and the

disturbance of the fringe pattern by long range strains, were a!so observed

in RDX crystals. These observations clearly indicate that, at least in part,

these specimens behave as perfect crystals.

-- =17 7
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Crystals of hexamethylenetetraminf- have also been exanmned.

These molecular crystals have a body-centered cubic lattice with cell

edge equal to 7- 02A. They exhibited images of individual dislocations

and also Pendellosung fringes, both with good diffraction contrast.
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3. X-R-AY DIFFRACTION PHENOMENA IN PERFECT CRYSTALS

3. 1. Pendellosung LIterference.

Suppose a plane wave of monochromatic X-rays falls upon a

perfect crystal at an angle that exactly satisfies the Bragg condition for

certain lattice planes that are steeply inclined to the crystal surface.

Then, with Bragg planes so oriented, both the Bragg reflected waves and

the incident waves are directed into the crystal. Now it is an immediate

consequence of the assumption of a 'perfect' crystal. which, by definition,

maintains throughout its volume an ideal periodicity of its lattice. ihat the

coherent addition of the contributions of reflections from individual Bragg-

reflecting planes to the resultant amplitude of the Bragg-reflected wave

can build up this amplitude to a value comparable to that of the incident

X-ray beam, and such build-up may occur within a short distance fr.om,

the surface at w-hich the incident X-ray beam enters the crystal. For

example, in the case of the Z20 reflection in silicon, using Ag Ke radiation.

the amplitude of the wave reflected by a single Bragg plane is the fraction
7X 10

of the incident amplitude, when the Bragg condition is satisfied. Thus it

may be estimated that after reflection at 70,000 Bragg planes, w•hich

correspond to a crystal thickness of only 14 microns, the amplitudes of

incid,-nt and diffracted waves would be abeut equal in magnitude. The exact

calculation of the amplitude ratio of diffracted to incident waves, which

must be in dynamical equilibrium with each other to conserve energy. is

provided by the dynamical theory of diffraction. (Good English -!anguage

summaries of this theory have been written by James (1948) and Batterman

and Cole (1964))- The result that might be anticipated from the idea of

dynamical equilibriumn between incident and diffracted waves. that beyond

some depth below the X-ray entrance surface the energy flow in a crystal

exactly satihfying the Bragg condition is equally divided between the

directions of incident and diffracted waves, is found to be true only wrhen an

average is taken over a depth interval ý , known as the extinction distanceg

(or extinction period). Within one extinction period, the energy-f!ov.,

direction makes a complete oscillation between tle one extreme of .1-0omwlng

purely along the incident beam direction and the other of purely along iike

V !
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diffracted beam direction. When the Bragg plane is normal to the- X-ray

entrance surface of the crystal, i.e. when diffraction conditions are thos

of the 'symmetrical Laue case', the relation between ,, q, and the inter-

planar spacing d is

g q

and for the case cited above, the Z20 reflection of Ag Ka by silicon.

k - 44 microns.)g

When Bragg reflection occurs in a perfect crystai, waves

travelling in the incident and diffracted beam directions are each so!i-

into two component waves with slightly different phase velocities, one

velocity being slightly greater and the other slightly less than the phase

velocity as given by the usual expression for the refractive index. Thus

the incident and diffracted waves in the crystal each contain two slightly

different wavelengths. It is the interference between these slightly

different waves that causes the energy flow to oscillate between the incident

and diffracted beam directions. This oscillation is analogous to the trans-

fer back and forth of kinerc energy between a pair of coupled pendulums:

the solution to the dynamical diffraction p-.oblem obtained by Ewald in

1917 which displayed the oscilIaticn was consequently termed by him the

'Pendell'sungi- the Pendtu-am zz1uticn. The various waves propagating in

the crystal at or near 13ragg reflection are convenienrly represented in

reciprocal s-pacc (k-spac6) by wave vectors drawn to the wave surface

(dispe rsion surface, constant- requencv surface) appropriate to the

frequency nf the monochro-.matic X -radiation used in the diffraction

experiment. (ZA cerain convention for draw•ing *lesc vectors nas been

found useful in discussing diffractiin problems, is : n%-ral', accepted, and

is described it: thc. reviews by Ja-.rra-s ( 1948) and Bat-erma.n a-nd Cole (1964).)

A rneasure of the difference in wawelt nths bewc,- the componen- waves

in the pair 0.; wav•ez traveliin.g cih•er ir. the incident or diffracted. beanr

directions is given t, be degree of spliittis.g of the dispersion surface at

t3e Brillouin zone bcundary correspor.ding !o ihe Bragg reflec-tion which

is active- indeed, in the sy-mmetrical Laue case, ,.c exti-ction dis:an:e.

g' is ju3t Lt-- reciprrxca! of the minimux. separation, D, of the twxo

- -~- - ,



branches of the dispersion surface at the Brillouin zone boundary in

reciprocal space, fn te-rmrs oi familiar quantities- this se~rk~tion iq given by

D e X
IJ mC V Wco sO()

13 being, the Bragg angle and V the volume of the unit cell. (Actually a

complication arises th~rough the two states of polarLi~ation of the X-r-v~s,

the a' state in which the electric vector iLs perpendicular to the plane of

incidence and the z state in which it lies in the plane of inc.-dence. The

e~xpression (2) applies to the &- state: the dispersion surface for the -nwaves

has a minimum separation of its branches equal to CD. wrhere C = iCOS2el.
The topic of Polarisaiion is more Ifully discussed below. and in Hart andu

Lang (196-5). Ri15). Tfhe extinction distance is tlie depth periodicity cif t.e

Pendeillosung oscillations, measured norm-al to the X-ray entrance :surface

of the crystal- The distance D is :.neasured paralie! to tbe Brillouin z-.ne

boundary, i- e-. parallel to the Bragg plane. Hence fcr asymm-esric trans-

mission, whnen the Bragg plane i=_ not normal to 11he X-ray entrancte surface'.

the simple relation between and D for the symmetrical- Laue case,
1g

.JlD (3a)

must be modified for the asy-mmetri c Laue -a se io be

ig = fcor58coseg)2Icose (3b).

where 90 and Og are the angle-_ between the normal to the X-ray entrance

surface and the direct and diffracted beamns, respectively.

X-ray Pendell'0sung phenernena were first swidied by i-a-SO and Lang

(1959). Tlhey took topographs of wedge-shaped specinicns of perfect

crystals.. On the topagraph irnage of the wedge. frznges appear par-allel to

the wedge axis- Tke f-ringes correspond to irflersections of the X-ray exit

surface .fthe wedge vrith the depth conto-urs -iven bj- the PendeiP~sulng

osci&Hat~on 'fenergy fiow between the direct and diifrat. ai beama directions-

Irideed a ccomparison between the usuad 'diffracted-beam' topographs and

'direct-beam' tcupograph~s of the same specimen demonstrated that, the

fringe patterns in the two types of topograph, were com~plemrent.-ary. A

recognisable manifestation, of FPendell'Osung r~henomzena in any part of a
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crystal is taken as a criterion of cr) ii porfection: it can only occur

when direct and diffracted waves have comparable amplitudes, and a good

measure of coherence b~cwveen he diffracted rays is maintained over a

distance of th~e order of aneS i~in distance. Conversely, when any

interface cQr imperfect-ion occurs in a perfect matrix so that phase

relations are abruptly disturbed and 'interbranch scattering' occurs, the

inte-nsity scattered -into the diffracted beam wi1Il depend upon theý local

phase of the Pendell'01sung oscillation. Hence a depth -depende nt periodic

intensification of blac'kenin.g will occuir in topograph images of t~he imper-

fection, anm. it is a faniliar feature in images of low-angle boundaries,

fault surfaces of any type, and also of di'slocations.

When the PendeLlosung fringe spacing on topographs of well-j3efined
wedges is smeasured, a1A the quantities are know,%n, or can easilby be deter-

mined, whic-h relate this fringe spacing with the extinction distance, and

.enc lihD hen, fronm equation (2). the magnitude of the structure

factor F can be determined absolutely. The technique of accurate, absol-4te

mneasu_%_rement of structUre factors by measurement of Perdell'Osung fringe

spacings ha:5 been developed to a high degtee of refinement by Professor

Kato and his c*1!eagues.. In studies of crystal imperfections such as laivre

been described inz e-is Report, Pendellosung fringes have been found very

usefall in a rnore prosaic application, the reverse of that just outlined.A

This is the determination of specimnen thickness afromn the orde.- olf -Pndell'03-

sung interference, the struc-ture factor being knowrn. Such a mneasurem-ent

requires knowledge of the relation between the extinction dist-alnce aad' the

specimen thic-knesses for maxima and minimaa of Pendello20sing frianges on

projection topographs- A number of interesting and significant theoretical

roains are involved in this relation; just one off these need be rnention-ed

here-. It was Onhe manife station of 'hook-shaped' Pende'll'Osung fringes in

section topographs of wedge-shaped crystals that demonsiratted that the

ac-cept-red 'plane incident wave' diffraztion. theory for perfeect crystals elid -not
a- Il.; in t~he practical conditions of topographic experim~ent,-. eexl-

ation of these fringes was obtained through the "sohe~rical incide~nt wale'

theory de-veloped by Kato 119061) (sumnmarised by Katco (19,63-al One result

o f Kato's calculations was the demonstration that ilor -irtesgratd intensities,

-. - . ..........
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as recorded on projection topographs, the plane wave theory and the

sp'nericai-wave theory make simiiar predictions. The expression for the

integraied intensit-y, as a function of specimen thickness, takes a fairly

simple form when it is assumed that X-ray absorption in the specimen is

negligible, the geometry is that of the symmetrical Laue case. and no

distinction need be made between the contribution of waves ir, the (r and 7

polarisation states. (This last assumption is valid when Icos201 s little

less than unity). The integrated intensity, R, from a perfect crystal of

thickness t may be written

R - •Dd fo o(x"dx (4)

0 0

A plot of R versus the upper Uimit of the integral (such appears in the tcxt

by Zachariasen (Z945'1•. shows a steep rise. initiailv linear, up to the

first max-imum. followed by osciLations who.re am-plitude decays propor-L

tior-ally to frD-- Table 3. L.A. gives the i.tensit-es (normalised) oi the

a~xia and rM.-I.AMa. a:d the snecimen thicknesses at which they occur

(expresSed as multimples of Lhe ex"%r.cticn distance), calculated from

eqnation 14-
Table 3.L'. A.

Relat•ve tntensitie-.• and- specimen thic-nk-,esses for" Pendeliosung maxima

and ninirma o. project"on tepograp-s, zero absorp-ion, syvmmetrzca!

interference order Normalised irstensity (RIaDd) Specimen thickness
(t ' g)

Ism maL 0- ?735 0. 382

Ist rain 0.Z33.1 O.878

2rnd ma. 0.634 1- 377

Smin 0. 385 I- 876

3 rd max. 603 2. 376

3rd 0• O.4•6 2.876

4th max 0. 586 3. 376

4t min 0.41.9 3.876

5th max 0. 5?T 4.376

5-h m-in 4.. 4 S-6

ZVMV.=
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It will be observed that the first Pendellosung maximum occurs at a

specimen thickness just larger than 1 Z. but that .3fter the fivrst
3 .6-

Pendell'osung minimum the fringe depth period departs negliibl)y from

g 91 For determining the actual specimen thickness. Table 3. 1.A is

used together with the calculated value of the extinction distance. Some

typical values of the extinction distance, for the symmetrical Laue case,

are listed in Table 3. 1. B.

Table 3.1. B.

Representative values of extinction distance tsymmetrical Laue case).

Crystal, reflection, radiation. g.icrons

Diamond, 220, MoKa 48
"It CuKa ?7

Silicon, 20. MoKa 36

" 440. 60

LiF, I 11 , MoKa 5D

" Zoo, " 33

a-Quartz, 1011, MoKa 45

" 0003, " 205

a-iron, 110, AgKa 13

"i ""CoKa 5.7

In many different studies of crystal imperfections it has been

found most useful to be able to measure the thickness of a non-uniform

specimen at any point by means of the PendellO'sung fringe contours. For

the lower orders of interference, as listed in Table 3. 1. A.. and with the

lower values of extinction distance among those given in Table 3. 1 B.. it

is cuite possible to measure specimen thickness within a range of plus

or m:nus one or two microns. This is better than could be obtained by a

mechanical thickness gauge, and is, moreover, achieved wi;';-,x, n-ny

damaging phy;sical contact with the speC'1~;t.

When thz! spe,!iinnen absorbs X -rays appreciaul;a- enhanced

tranSim6$•fiss- 4tccirs ii! zhe -zacoznitq of the Bragg ref-e.tion due Ic thc

- -- - - - -•-.~- . • '*~.*-~ -• - 0•-
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Borrmann effect. (This is discussed further in Section 4. 1.) The

formula for" the integrated intensity becomes more complicated than that

given in equation (4); an expression for it which can be easily compared

with equation (4) has been given by Hart and Lang (1965). The positions
X9

of Pendellosung r.axima and minima are not significantly altered by

absorption. However, the relative modulation of the diffracted intensity

by Pendell'sung fringes -A' less than that in the non-absorbing case as

calculated from equation (4) and recorded in Table 3. l.A. Although the

average level of transmitted intensity falls off with increasing specimen

thickness at a rate less than that expected from attenuation by normal

absorption, exp(-jitsecg), through operation of the Borrmann effect. the

oscillatory components of R, both for oaand -. waves, do have this normal

attenuation. Since the visibility of Pendellosung fringes is used as a

qualitative indication of crys-al perfection, and could possibly be used as

a quantitative "perfection index', it is imnportant to take into account the

influence of the Borrmann effect on the Pendell'sung modulation oi

diffracted intensicy.

There is another effect which can modify Pendell'Hsung fringe

vi."ibility profoundly. This arises from the polarisation factor, C = IcosZO/

The fringe systems due to the a- and - waves have PendeUl'sung periods in

the ratio i to cos 28 , and the observed intensity is the sum of the

intensities of the two fringe systems. For higher Bragg angles, the o-

and v f.ringes will get out of step every few Pendell'sung periods, and the

resultant fringe system has a complicated profile with periodic 'fading' of

fringe visibility. Even when cosZe differs not greatly from unity, as in the

2Z0 reflection of MoKa by silicon (cosZO = 0- 93), the large number of

orders of PendeUll'sung interference thai can be observed in such perfect

crystals (orders up to 45 - 55), allow fading to zero of fringe visibility to

occur four or five times, the interval between visibility minima being 14

Fendelo'sung fringes. Clearly this fading is important whether the fringes

are being used in accurate determinations of F or as indications of lattice

--- rfection. The theoretical and experimental aspects of polarisation

fading have been discussed in detail by Hart and Lang (1965). RlS. In this

work it was demonstrated experimentaly that fringes free from fading n
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could be obtained by the use of a plane -polarised incident X-ray beam.

Suc a em can be obtained by reflection at a single crystal, choosing a
Bragg anal as close as -pssible ti 45' for which cos2@ = 0.

3. 2. Coherent Simultaneous Reflection.

The aim of crystal structure determinations by X-ray diffraction

is to find the distribution of electron density throughout the unit cell of the

crystal. This distribution can be represented by a three-dimensional

Fourier series, and it will become determined when the amplitudes and

phases of the Fourier components are known. The X-ray structure

factors are the required Fourier components. But as long as the

structure factor, F, is derived from a measurement of intensity of a

Bragg reflection, or even from a measurement of a Pendell'Osung fringe

spacing, only its modulus IF I can be found, the phase remaining undeter-

mined. This is the essence of the 'phase problem' that has been a central

theme in X-ray crystallography for fifty years. There are certain ways

of finding experimentally the phases of at least some Bragg reflections

given by a structure. The most successful of these methods employs the

'isomorphous replacement' of one atom in the structure by another of

considerably different X-ray scattering power. and analyses the changes

in intensities of X-ray reflections that are produced thereby. Another

method uses 'anomalous dispersion' and observes the change in relative

intensities of X-ray reflections when different X-ray wavelengths are used

close to an absorption edge of one of the atoms in the structure: near the

edge the phase and modulus of the scattering factor of the atom concerned

will depend upon the wavelength. It will be noted that both the 'isomorphous

replacement' and the 'anomalous dispersion' methods depend upon the

existence of certain conditions in the crystal chemistry and, in the latter

method, the presence of an atom within a limited range of atomic numbers.

Now there does exist a possible method of phase determination quite

independent of the chemical nature of the crystal. This makes use of the

in:eractions between Bragg reflections when two reflecticns take place

simultaneously. The relative phases of the two reflections are determinable

from the way the interaction takes place. However. this interaction must

be a genuine dynamical interaction between the amplitudes of all the waves

- 4
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concerned, and not merely a redistribution of intensities. Various attempts

reported over the years to secure information about relative phases by

studying simultaneous reflection phenomena have clearly failed because

essential conditions for coherence were not achieved. The experimental

conditions for obsering genuine coherent dynamical interactions are

extremely stringent, as was pointed out some years ago (Lang 1957c). The

advent of the topographic techniques described in this Report, with their

precise control of angular and spatial relationships, and the possibility of

relating positions on a topograph to particular angular settings of the

crystal, made feasible a successful experiment to determine directly the

relative phases of X-ray reflections. The novel X-ray method used was to

observe the perturbation of the Pendellosung interference pertaining to a

given reflection when the angular setting of the crystal came close to

satisfying the Bragg condition for another reflection. This perturbaticn was

manifested on the topograph by a displacement of the Pendel'lsiung fringes on

either side of an 'Aufhellung' line on the topograph which marks the locus

of points which simultaneously satisfy the Bragg condition for two reflections

(Lang 1957c). In crystals of low dislocation density, with reasonably

smooth surfaces, the effect is clear and the interpretation straightforward

An outline of the theory and an account of the experiment has been

published (Hart and Lang 1961, Rl). The displacement of Pendell'o'sung

fringes in the vicinity of the occurrence of simultaneous reflection has been

observed in silicon, germanium, indium antimonide and quartz. These are,

of course, well-known structures. The application of the method to

unknown structures would require their crystals to possess volumes

perhaps some hundreds of microns in diameter which diffracted X-rays as

perfect crystals do. Obtaining such crystals may not be insuperably

difficult, in view of the topographic experience indicating the iarge measure

of perfection of fairly complex organic crystals grown from solution. For

the time being, however, the experiment remains of academic interest;

but its interest is a genuine one, as being the first direct determination of

X-ray reflection phase relationships by a general method applicable in

principle to all crystals, achieved nearly fifty years after the problem of

phase determination began to vex crystallographers.

- --- _ • •- - =....- -- ._--
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4. DIFFRACTION CONTRAST FROM IMPERFECTIONS IN NEARLY

PERFECT CRYSTALS.

4. 1. Diffraction Contrast without interbranch Scattering.

_I, etin 3.• a. "he expression was given, equation (4), for the

variation with crystal thickness of the integrated reflection produced by a

perfect, non-absorbing crystal in the symmetrical Laue case. The

initial linear rise in intensity corresponds to the situation when the

amplitude of the diffracted wave is much less than that of the incident

wave and multiple reflection within the crystal may be ignored as in the

calculation of intensity from an ideally mosaic crystal. Thus, up to a

certain thickness, the ideally perfect and the ideally mosaic crystal

cannot be distinguished on the basis of a difference in integrated reflection.

Gross misorientations can be detected by their effect on the angular range

of reflection, but lattice defects such as dislocations and stacking faults

do not give rise to any diffraction contrast until the crystal thickness is

sufficient to make the intensity as given by equation (4) fall significantly

below that given by a prolongation of the initial linear region. The intensity

indicated by the latter prolongation would be that reflected by a thick, non-

absorbing ideally mosaic crystal, in the absence of secondary extinction.

The transition from 'thin-crystal' diffraction behaviour to that of the

thicker crystal can often be observed experimentally in very thin, tapering

specimens of a moderately perfect crystal. The topograph image is

completely featureless until a thickness of about 1/3 the extinction distance

is reached, fair diffraction contrast from imperfections appears at the first

PendeUl'sung maximum, and at the first Pendell'osung minimum stronger

diffraction contrast is manifested than at any other thickness, in the non-

absorbing case. The data in Tables 3. l. A and 3. 1. B enable the minimum

specimen thicknesses at which diffraction contrast should be observable to

be estimated, and actual observations confirm these estimates. Examples

of minimum thicknesses are, 12 microns with silicon, 220 reflection,

using MoKa radiation, and 2 microns with iron, i 10 reflection, using

CoKa radiation. The latter, low value of thickness is of potential interest

since it is within the range of thicknesses accessible for study by trans-

mission electron microscopy, using high voltage electron microscopes

I C
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operating in the ½ to 1 MeV range.

In thicker specimens, those whose thickness ranges upwards from

a few extinction distances, a variety of diffraction corntrast phenomena can

appear which are not observed in thin-film transmission microscopy.

They bear witness to the fact that there are complexities in the X-ray,

diffraction situation from which the electron microscope experiments are

free. Such complexities are in part responsible for the less developed

state of X-ray diffraction contrast theory compared with that worked out

for electrons (the latter theories are reviewed by Hirsch et al. 1965).

There are, however, compensating simplifications, some of them. very

valuable, which attend the X-ray experiments. Notable among zhese is

the ease with which it can be arranged that a single desired Bragg refl-tction.

and that one only, is active in producing the topograph image.

One important difference between the electron and X-ray diffra.-ion

situations is the different ratio of angular range of illumination to angular

range of reflection that applies with these two radiations. The angular
-2

range of reflection of 100 kV electrons by a perfect crystal is about 10

radians for strong reflections; but the range of illumination of the specimen,

as determined by the condenser aperture and focussing adjustment, does
-3

not usually exceed about 10 radians. Thus the incident electron beam

acts effectively as a plane incident wave: if the illuminated region of the

specimen is oriented, as a whole, exactly at the Bragg setting then a

locally distorted part of the illuminated region will no longer be able to

satisfy the Bragg condition fully. On the other hand, in the X-ray case,
-5

with a typical angular range of reflection of only 10 radians, and the

illumination range defined by the incident-beam collimating system to be
I -4

about I of arc, i.e. 3 X 10 radians, the angular range of illumination

is more than adequate to generate the full integrated reflection both from

a perfect matrix and from an incoherently reflecting slightly misoriented

region within it. Experiment and theory (Kato and Lang 1959, Kato 19o])

confirm that this is so, and show, moreover, that the divergent incident

beam excites coherently all the diffracted waves within the -perfect crystal's

angular range of Br-gg reflection, and thus acts as a coherent spherical
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inlcident wave.

Another important diffeirence bee~ween the electron and X-ray cases

arises from the combined effect of the- great difference in specimen

thicknesses used (typically Imm with X-rayvs and 10-4 mm with electrons)

and the difference in Bragg angles (typically about 100 in the X-ray case

and about 10 in the electron case). Thus in the electron case all incident

and diffracted rays produced by an incident ray impinging at a given point

c.n the specimen surface are contained within a column parallel to the

Bragg planes about 20 A in diameter, a dimension comparable with the

resolution limit of the electron microscope; whereas in the X-ray case.

with the figures quoted above, the separation at the exit surface of incident

and diffracted rays that have originated at a given point on the entrance

surface may be several t.nths of a millimeter, a thousand times the X-ray

topographic resolution limit. Thus diffraction calculations designed to

find the resultant wave disturbance at a given point on the exit surface.

which in the electron case can be carried out one-dimensionally within a

column such as that just described, must in the X-ray case be expanded

into two-dimensions to cover the triangular area enclosed between the

directions of incident and diffracted rays.

The manner of distribution of energy-flow of X-ravs within the

triangle contained between the incident and diffracted ray directions assumes

great importance in all investigations of X-ray diffraction contrast. The

distribution in the case of an undistorted, perfect crvstal has beer

calculated by- Kato (1960); its essential feature is that rays comprising a

given pair of incident and diffracted waves propagate normai to the tangent

plane at the point on the dispersion surface that defines the wave vectors of

the pair of waves. Exactly at the Bragg angle, rays belonging to both the

branches into which the dispersion surface is spLi- propagate parallel to

the Bragg planes since both branches intersect the Brillouin zone boundary

normally. Some way off the peak of the curve of Bragg-reflected intensity

versus angle of incidence of a plane wave on the c- stal. the wave vectors

corresponding to the waves excited in the crystal end on the dispersion

surface some distance away from the Brillouin zone boundary. It then
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follows from the shape of the dispersion surface that the ray from one

branch will propagate nearly in the direct beam direction and from the

other nearly in the' diffracted beam direction. Thus, when the whole

angular range Žf is. ee- J -excited- by t-he divergent incident beam, the

whole energy-flow triangle is filled with a fan of rays. The dynamical

diffraction theory for the pez iect crystal shows how the ratio of amplitudes

of direct and diffracted waves on a given branch of the dispersion surface

depends upon the distance from the Brillouin zone boundary of the wave-

vector-defining point on the dispersion surface (briefly,. the wave-point).

It also shows how the distribution of energy between the two branches of

the dispersion surface is determined by matching the wave disturbances

on either side of the X-ray incidence surface. (A re-matching must be

made, it should be noted, at any surface where phase relations between

direct and diffracted waves are abruptly changed).

Now if the crystal has zero X-ray absorption, rays associated with

all wave-points will propagate without attenuation. Wlhen absorF.tion

is present, it is found that attenuation is a function nf position of the wave-

point on the dispersion surface. In the case when the concentrazions of

absorbing power and of scattering power in the unit cell are generally

coincident (which happens to be so in all simple structures) it is if--nd that

rays associated with the branch of the dispersion suipface corresp-nding to

a phase velocity closer to the value in vacuo suffer less tt-an the nor.nal

absorption,! whereas those associated with the other branch- are more

strongly absorbed than normally. The difference in absorption between rays

belonging ta the two branches is a Enaxinarna for wave-points on the •rillo-i-

zone bou-dary. Hence, after some passage th-rough the crystal, ra-s

belonging to one branch only (that co-•..ronl; called braunc& 1) will survive,

the rays belonging to the other branch (branch 22; being completely absorbed.

Moreover, with strong absorption, it is only branch I rays travelling

closely parallel to the Bragg plar-es, wh-ch are of a!' rays those which.

suffer minimum absorption, which -survive. This selective, and anorna!ously

high, transmission of oae narrow bundle of rays out of the whole fan of rayrs

which start out within the energy flow triangle describes, in essenace, uhe

Borrmann effect. In specimens which have W_ greater thaan unity the
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Berrman effect has an irnportant influence on the charactee of topogranh

images: that it. shouldi ch'ange the intensity profile across secll~n teea.

follows from the narroweing of the energy-flow fan with consz-qaenj p--Aki:-

of intensity in the center of the section top-)grauh- (Kato 1914-0). The

influence of the Borrnmann effect on thhe images of imperfections wifl! e

described below and in Section 42

In a per fect crystal, wihen conre the energy at the- sphterical

incident wave h~as beer. rii.trihuted a-nie-ýe the fan *i r-ays within2 &h cv e

by mnatching cdistu-b~ances inside and udvthe -cry~t,!! a tbeX-a

entrance surface, Zbe rays propa-!-:f;e netWth-rciuh u h rsti

.n straighlt lines, the am.plivudes of a ~i~'nbnl s~cae ih

eeneLof -,-ne b~raznch of thie dispersion suriace- rern~azmni inde-r.endent af

those assocliated with ;:er elements, of eit-h-er b09raii-c-h. 'When the crystall

Is dis-torted, this pattern car. change in vwc. vways, depend-ing upon, the

degree of distortion. The -roblern of, firdirig the .rayt Paths in -w-eakh'V

distorted crystals was ;.ave:Wi2ated by Penning aind ;:,:C- (196 t) and lale:

bv Kato (1963b, 1964). Peruiing and Polder sllowwed that the rays ane benat.

the change in waevector accom-panying the bentding be--i ng - iin 1h ir ec 0 Sn

ofthe spatial gradient of' dhe co-mionen'.- of mistortions that clhanges tb c

local degree of satisfaction of the Bragg condition. The situation is

analogous to the bending of a ray of light in a ýmediurxm of sliowI.- varvitng

recfractiv'e iinoex. and the phenornenw-n in the X-ray case is often referred 10

as' energy-flow refraction'- As _'Ong aas the distortion xis slight, a narrow
t4

ray bundle bends without. spreading- Its energy,, which may be regarded as
S

associated with its cor-resuonding elenment (i.e. wave -point) on the
s

dispersion surface, is conserved (apart, of course, -from losses due to

absorption)- As the ray bends, its wave-voint m-igrates along the branch

of the dispersion surface to which it- belongs, and this results in a

redisntri-ution of energy on this branch but. no i'-terchange of energy between d

this ;-nd the other branch. The chlangeS in energy-florw Pattern which ar-.se o:

solely from.n this 'adfiabatic' wave-point migration give rise to the diffraction

contras-- that ocCurs without 'interbranch zcattering'. Kfon the other h-and.

the disto-rtion affecting satisfaction of the Bragg condition is severe, or an

interface such as a stackidng fault is encountered, there takes place a



redistribution of en,2rgy between --he two branches of the dispersion

surface. This is tletype oDf redistribujion term~ed 'vilte4-branch scattUfring '.

Three types of diffraction co-wtraet Lnveio u.oiving -)nly adiabatlc

wave-point migration willnos be br-iefly desc:-ibed. They appel-ar undler

cc-n~itions of low. inoderate and h-igh '.sorp-don. respectively.

When thre e-nergy-flow refractic-n theories of P'en~iing and Poldecr

(1916i) and Kato (1963b, 1194642) are applied to porle ems of bitn crystalls

they showr that iff the B ragg refetn al ane s are ciurved e*b- ran~c~h 1 r a ys

afe curved in the samne sense as Ehiw Bragg ni4anes-, the branch Z Yavq4 in

the opposite sense. T-1he-n as b~gas -the A~bs0orPziSP nfo rays C,-f both

branch-es is;_5 iib~ and the o-:elral benin o the crystal iS Snsa~l.

litt.0 _kn efct off he bezzaing %zp;i the integrated intensity of the

reflection i-s produced except that resulting from. the c~hange in order of the

Pendeliosung in--terference. T-his !a:te _nneocusbeas o -h

change in Phase difference between the branch I and branch Z wav-!s tI.at.

interfere a-t- the specimnen X-ray exitl surface cinseolueif upbii tne canane

"T, wat,_ 'e-ctor that accom~panies the wave-point migration zalong the

tra'ecztory- Consequently, the obserý.rd mo-:difi-cations of integrazed

intensit-f are limited to the range between mnaxirna and mzinimna of inten~ty,

in the vicinity of the mnean order of Pendell~osung interference, as given by

equation (4), Section 3. 1- The effect of crystal distortion is to increase

the order of Pendel1'o'sung interference in the X-ray case (Kato 1963a, t963b,

1964).. This increase is often observed experimentally. The proiection-

topographn Figure 4 of Authier and Lang (1964, R8) shoi.s it wei!L On

section topographs the displaacement. of Pendelo'csung fringes bi distorationis

such as those due to dislocati-ons is even. --ore evident, see Figures _2 and 3

of Lang (1064Ic. RIO).

As soon as even a mnoderate amount of absorption is uresent, !hie

different attenuations of the branch I and branch 2 waves enlarges the range

of intensity variation that a given ben-ding may produce, and, miost important,
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makes the change in integrated intensity depend upon the sense of

curvature of the Bragg planes. This sense-dependence is most readily

observed by noting local differences in topograph image intensity between

the hkt and hk;i- reflections. Such differencesitermed 'local failure of

Friedel's Law', were first observed on topog'aphs of silicon and calcite

by Lang in 1958. They formed the subject of an intensive theoretical and

experimental study by Hart (1963) and have also been treated theoretically

by Kato (1963c). A useful application of the 'local failure of Friedel's Law'

is the determination of the sense of Burgers vectors of dislocations, and it

has been employed in several studies (Hart 1963, Lang and Polcarova 1965,

and see Section 2.4. 1.). Now the intense positive diffraction contrast

produced by dislocations arises from interbranch scattering in the strongly

distorted crystal surrounding the dislocation. There is. however,

surrounding the region where interbranch scattering occurs~a relatively

large volume of weakly distorted crystal where only wave-point migration

takes place. In the range of specimen absorptions corresponding to pLt

values between about 2 and 5, the intensity of the central part of the

dislocatiorn image is much reduced, largely because interbranch scattering

feeds energy from the weakly attenuated branch 1 to the strongly attenuated

branch 2 rays. The outer parts of the image, produced by bent but not

scattered rays, may then predominate in the production of the overall

contrast of the dislocation image, and even a marked reversal in overall

contrast between the hk& and hkC images of the dislocation may be observed.

Interpretation is simplest in the case of reflections from the slip-plane of

edge dislocations. When reflection is obtained from the concave side of

the planes, the dominant, strongly transmitted, branch 1 rays, which have

curvature in the same sense as the Bragg planes, are bent round into the

diffracted beam direction, and at the crystal exit surface they split so that

most of their energy travels in the diffracted beam direction, with little in

the direct beam direction. Hence this reflection shcows the excess

diffracted intensity. More generally, the rule for fi-ding the sense of the

edge component of the Burgers vector of a dislocation from the difference

between its hkI and hke/ images is as follow's: in the reflection which shows

extra intensity the extra half-plane lies on the side of the dislocation image



close.- to the d;rect beam-.

When the X-ray absor-ption is quite high. so that only a narrow

buuidle of branch i rays is abs'e to trav'ez th-rou-gh the crystal- any bending

of the rays awav from-- a direction close --o the Br~sgg pla-,ne will involve some

loss of anom~alous transm.ission. 'Thu-s the overall' co.atrast of a dislocaticn

waill be negative: z! will appear as a lieh! lint~ on a darker backg round. The

redistributiorn of enerow ar-r~vtng at Ube spec:.rrnn; X\-rav exit surface due to

the bending of the rays passing- close to the dislocation zmay generaie ore or

more firinges on either side of the light line nriarking Xhe center oi- the

dislocation hinage, Ithe inten-sityv distribution a--c rss the oilsiccation ximage

Produ~zed in sese ;.on-dinuzns has be-en calculated by Fam- -va (to I>--

pub-bi5hed) usingte iheo-ries of Kato '1963b, 190641. Cacula-.Xons of a

similar !;or:- hac-r lheen perfor-med by- T aupin (!96-41 zzsing a zhzo~ry equivalenat

to Ithat AdeveloPed bv- T.zo 1962. R3)

The -meth-c4s irdealing with' p~roblems *A* 1aiie -Iistorzed crystal

that apply- the nov;tens of ray optc are valuable ini :hoeving pnysa-callv -how

the energy -flaw- pzte rn is ;-odifi=d by t2.hc i~sEortioAr jen-ning and Polder

196. Kat z 1-963a 1 . T%. Tey can b~e appli edioY as Icii-g as the

distortion is so smazil that a narrow-- ray bundle W-fll propagate zhroi~gh t~he

cryr-t-ai withiou: apprecia!Ae spreading. They have been applied 4,o far to

ecxperirrlental sztuatiorns where no i-nterbt-anch scatteriag -Iccurs-

Daiffraction tb-ecries which use the mzodel of the lam.eilar crystal

[Kato 1 963c) a-re arsaiogo-as to the treatm-enzt- of dissaoried c rystalz developed

for electron rziacroscapy 1H-irsch et ai !965) an-d have- a zonrn-min origin ir.

Darwin's disffraction theories. The -useful picture -D! ray trajectcL-ripsý in

X-r-ay diff-raction is lost in- such theoriesi but sh-E-c iAS no~ lj~it.E1 tohe

degree of distoirtion thev can handle prov-ided ihe distorti an is ;-f ~nt non

only of distance normal ztD the !aznellae. !,- problem. coming within the

LI.tter limitat-acn ---ould be that of a :oUre screw i ctennormal t-- the

Bragg plane)-

The theory of Takzagi- (1962, R'3) gives a noecornplte: nict-ure oi

the mnultiple scattering process than the larnell1ar 1th-Cories. are- -s not

restricted 'to the type of distortion it Can handle. It is, revstricted



in the degree oi distortion to which it is applicabie Moreaver, with strain

fieldt- suzch as th-ose of a dislocation in arbitrary -ýrxeziaation, the quantity

Of. t Lkt wou~iu Uc re~juired ta o-,xxid up tine Eoporapfl image,

prodigious. This problerh illastrat-es the greaz comp!:catio.-zs in-oil-ed in

complete X -ray diffraciton contrast investi gation~s.

4. 2. Diffraction Contrast with interbranch Scattering

It is the initense, localsised. poz:-ive diffractio-n c->n~rast produced

by dislocations, precipitates, inclusionis, ring-craCks, etc- that is taihen

advantage of in X-ray topo-grapihic in-vestfigations of the distrzbuz~tt_-)n of

imoerfeCtions in nearly perfect crystals, Thare a:-e several ways of

considering the manner iby which thtis strong contrast its generated. At the

sin-rniest I-ve!. it. is easy to r-ee thaz if a ce-1tainsr.-h bounded volume

of crystafi is m iscrzented_1 with respect to the perZfect crystai mnatrix by an

amnount greater :anthe anguiar range of replecticon of Vie Perfect crystal

(ly-pically only abhout 10- radians, or 2*' of arc) then such a ninsorierited

volume will Bragg reflect independentlv --i the mnatrix. 12t carn- make use of

incident radiation- COMing fromn areas of the X-ray tube tagtothe.r than

lizose that can be Ise'-n' by tI.-e perfect crystai. an-d tbe -- aves diffracted %1-

it are incoher,;t with --hose diffracted by the perifcct ZryEý!. In-deed, a

stroneivr distorted regic-n ma-y be corzsidered as cicnsisting aef a seriges of

zones, each~ of whirun accepts for Br-aeg YeflRection, iadia;ion fromn a different

area of flhe targcet. wcIit diffracts Inidenendently of T-he cather zan-ýS. Since

the angular ran ge olx jnclen-ce of X-radiation on anv oin of the cry-stal is

typically: about thirty tim-es the angular rauge off zrflecticr Of thi.e perfect

C ry st 2 1 :h are -rs an evident vossibiiity thatE stronag po~sitive diffractior-

contrast can bc generated by the addition of t-he anenf~s.:Zics encnt

refecedb-; m.srcnae zones- -;No simnliar m--ech~anisrn' for Producicn-g

strong positivc ront-rast. operates ain elect!ron microscopy, for wh-W.h., is

pointedi out in Section 4- 1., t~he illumination is effecti-vely a pl~e,- wave. -1--

the X-ray case diffractior, contrast can be reasonabiy- e:.Lpliane-d- wy hi

simple m-echanism. when distortion is severe. but rmna vec

sniows that i.- the cases of the imperfections chiefiiv o" ;nserest 1suc. Z.

dislocation-5) this mc-del of i-ndlepndeni reflection b,; P-trfeC! rnat-ix and- by

'-. -..- .--- - ~- -4
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locally imperfect zones is oversimplified. The chief evidence against the

simple picture is the presence of the 'extinction shadows' of reduced

diffracted intensity thato accompany the excess diffracted intensity of the

localised image of the imperfection. Such shadows can be seen associated

wi&. the 'randomý dislocations in the projection topograph of a slice of

lithium fluoride, Fig. 2 of this Report, following page 33. They are seen,

too, associated with the dislocation images in Fig. 1 of Authier and Lang

(1964. R8). In section topographs, such as Figs. 2 and 3 of Lang (1964c,

RIO), they are strongly in evidence. This shadowing shows that the

latt-ice imrperfectien has intercepted and diverted some of the 'waves

participating in the dynamical balance of direct and reflected waves that

occurs in the close vicinity of exact satisfaction of the Bragg condition,

and which gives rise to the rays that propagate within the energy-flow

triangle. Th-is diversion process is describable by 'interbranch scattering'-

Within -;he triangle of energy flow, xmost of the energy (in the low-absorption

case! is Plowing in direct~ions close to the incident beam, and hence is

asSociated with wave-points on the dispe!-siorz surface where the normal to

the dispersion surface is close to this direction. A transfer of such

energy from. one branch of the dispersion surface to the other branch will

carry il to wave-points where the di spe rsion -surface normal is directed

more towards the diffracted-beam direction. with the production of stronger

rays flowing in the direction of the diffracted beam- Interbranch scattering

is, of c.:)urse, the n-.echanismzr whereby diffractionr contrast is produced by

stack-ing faults, and by twin boundaries st;ti as those of i3~ra-,il and Dauphine*

twinni-g in quartz (see Section 2. 10. i.). With such de'ects the situation is

rnelatively sixmple because the orientation of the lattice as the same on either

side of thec boarndarv.. In 0he case of dislocations, on the other hand, the

sltuatia-n is- comrkE lcated by- the great distance over which the energy-flow

is perturbed, due- to &-e form. of Etse strain-fields of dislocations. As the

X-.-az~approaech the daisloctiori, .wave-point nimgradlon (as described in

5ection 4. 1.) dirst occ-urs- Trhis mnay roduce a substantial redistribution

of energy on each blranicc of t%,e dispersion surface prior to interbranch

scattering- _r0lqkwirng th~e int-Crbr~.riCk 3Cattering, a further redistribution

,-_ energy by wave-point mtigraticn accurs as the X-rays pass i-nto less
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strongly distorted crystal. A proper quantitative account of this

succession of processes which together contribute to the final distribution

of energy on the X-ray exit surface of the crystal would clearly be

difficult, and has not yet been achieved. However, some predictions can be

made from this model of wave-point migration, interbranch scattering, and

further wave-point migration that account qualitatively for some aspects of

dislocation image contrast. such as the asymmetric bimodal intensity

profile of certain dislocation images (Lang 1965a).

For a given X-ray wavelength and Bragg reflection, interbranch

scattering will occur when a certain critical curvature of the Bragg plane is

exceeded. The integral of Bragg-plane curvature between two points along

the X-ray trajectory gives the mutual tilt of the Bragg planes at these

points. If the Bragg-plane curvature is substantially confined within a

distance roughly equal to the extinction distance, and the integral of the

curvature over that distance is such as to produce a Bragg-plane tilt greater

than a certain critical value, then it does not appear to matter greatly with

regard to the production of interbranch scattering whether the curvature is

uniformly distributed or concentrated at a given horizon. In the strain-

fields of dislocations, which give rise to lattice-plane curvatures that

increase rapidly as the dislocation is approached, it appears that it is the

magnitude of the tilt away from the matrix orientation reached at a point

near the dislocation that can be taken as the criterion for commencement of

interbranch scattering and hence for a sharp rise of diffracted intensity

above that given by the perfect matrix (assumed io be weakly absorbing).

If the critical tilt is reached a relatively long distance from the dislocation

core then there will be a relatively large volume of crystal in which inter-

branch scattering takes place, and the integrated excess intensity from the

dislocation will be high. If. on the other hand, the critical tilt is not

reached at all along the X-ray trajectory, or only at a point so close to

the dislocation core that interbranch scattering can occur within a volume

of less than, say, a micron in diameter, then the dislocation will be

invisible. The notion that dislocation visibility and dislocation image width

depend upon local lattice tilt has been applied in numerous studies to

determine the Burgers vector and type (i. e. edge or screw) of dislocations
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in cases when X-ray absorption is low (e. g. Lang 1959b, Jenkinson and

Lang 1962). It appears to account well for the observation that images

of pure edge dislocations lying in the Bragg plane and normal to the plane

of incidence are about 1- 75 times as wide as images of pure screw

dislocations normal to the Bragg plane, with the same value of g . b (g is

the diffraction vector. b is the dislocation Burgers vector). This -is the

ratio expected from calculations of tilts in the dislocation strain fields.

Frank and Lang (1965) have discussed the variation of strength of

X-ray topograph images of dislocations as a function of g . b and the

dislocation type and orientation. Experimentally it is found that overall

visibility (i e. integrated excess intensity) depends approximately

quadratically on the value ofg . b, and is zero or very weak if g b = 0

in the low-absorption case. Prediction and experiment agree that pure

screw dislocations are invisible in reflections from all planes that contain

b; pure edge dislocations are inviLsible in a single reflection only, that

from the plane normal to the dislocation line, and mixed dislocations never

completely vanish.

Experiment suggests that the critical value of tilt is abeut equal to

the angular width, ZAQI, at halT maximum intensity of the perfect-crystal

reflection curve. in the symmetrical Laue case, and negligible absorption,

the simple relation applies:

ZAO_ = Zd/ (1).

The extinction distance is given by equation (2) and (3a) of Section 3. 1.

and d is the interplanar spacing. It is useful to bear in mind that for the

perfect crystal the angular width. 2 A@,. is also a measure of the

integrated reflection The tilt criterion suggester, above is easily applied

to the case of the pure screw dislocation making an angle 1P with the

Bragg plane normal. The dislocation image width, W, is then given by

the two alternative expressions

W = bcos ,(z-.cA. ) - (Za)

and W = g . b (Zzc) (2b).
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If the dislocation width, W, is measured between the points %%here the

excess intensity rises sharply above that of the matrix (clearly rather a

subjective measurement) the value of the constant . found appropriate is

0- 8 for dislocations in pure silicon, in the low-absorption case. For such

unavoidably imprecise quantities as W the value of c might as well be

taken as unity, and this is the value used in Table 4. 2.A. This Table

gives values of W, and some other relevant quantities, for various types

of dislocation in diamond and in iron. The figures agree well with the

observations (Frank and Lang 1965, Lang and Polcarova' 1965).

Table 4.2. A.

Dislocation image width (W), extinction distance ( g) and angular width of

reflection (Z A0,) in the symmetrical Laue case, negligible absorption, for

diamond and a-iron.

Crystal Diamond Iron

Reflection 220 110

Radiation Mo Ka Cu Ka Ag Ka Co Ka

Sg (Pm ) 48 27 13 5.7

ZA9 1 (seconds) 1.1 1.9 6"4 15
2

W. pure screw. g . b=l,(pTm) 8 4-3 2-5 1-1

" " " g. b=Z, " 16 8-6 -

W, pure edge, g . b=Z, 2 27 15 -

,
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